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PREFACE

The High-Speed Research Program and NASA Langley Research Center sponsored the NASA

High-Speed Research Program Aerodynamic Performance Workshop on February 25-28,

1997. The workshop was designed to bring together NASA and industry High-Speed Civil

Transport (HSCT) Aerodynamic Performance technology development participants in areas of

Configuration Aerodynamics (transonic and supersonic cruise drag prediction and minimiza-

tion), High-Lift, Flight Controls, Supersonic Laminar Flow Control, and Sonic Boom Predic-

tion. The workshop objectives were to (1) report the progress and status of HSCT aerodynamic

performance technology development; (2) disseminate this technology within the appropriate

technical communities; and (3) promote synergy among the scientist and engineers working

HSCT aerodynamics. In particular, single- and multi-point optimized HSCT configurations and

HSCT high-lift system performance predictions were presented along with executive summa-

rizes for all the Aerodynamic Performance technology areas.

The workshop was organized in three sessions as follows:

Session I Plenary Session

Session II Independent Session

Session III Executive Summaries

The proceedings are published in two volumes:

Volume I, Parts 1 and 2 Configuration Aerodynamics

Volume II High Lift

Conference Chairmen: Daniel G. Baize and Robert L. Calloway

NASA Langley Research Center
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!11





CONTENTS

Preface ................................................................... iii

Attendees ................................................................. ix

Volume I, Part lnConfiguration Aerodynamics

Overview of McDonnell Douglas Corporation Activities ............................. 1

Shreekant Agrawal, McDonnell Douglas Corporation

Enhancement of CFL3Dhp Parallel Code and Its HSR Applications ..................... 5

Pichuraman Sundaram, Michael G. B. Novean, and Samson Cheung,

McDonnell Douglas Corporation

Full Configuration Force and Moment Calculations Using Multiblock CFL3D on

HSCT Configurations ........................................................ 44

Grant L. Martin and Robert P. Narducci, McDonnell Douglas Corporation

Supersonic Cruise Point Design Optimization of TCA ............................. 114

Eric R. Unger, Robert P. Narducci, James O. Hager, Geojoe Kuruvila,

Peter M. Hartwich, and Shreekant Agrawal, McDonnell Douglas Corporation

Improvements to the MDC Nonlinear Aerodynamic Design Tools .................... 189

James O. Hager, Peter M. Hartwich, Eric R. Unger, Geojoe Kuruvila,

Robert P. Narducci, and Shreekant Agrawal, McDonnell Douglas Corporation

TCA Nacelle Installation Assessment and Design Studies ........................... 255

Alan E. Arslan, Pichuraman Sundaram, and Chin-Fang Shieh,

McDonnell Douglas Corporation

Isolated and Installed Nozzle Boattail Drag Studies ................................ 305

Hoyt Wallace, Pichuraman Sundaram, Alan E. Arslan, and Chih-Fang Shieh,

McDonnell Douglas Corporation

Uncertainties in HSCT Cruise Drag Prediction ................................... 376

Shreekant Agrawal, Michael G. B. Novean, Geojoe Kuruvila, and

Robert P. Narducci, McDonnell Douglas Corporation

Reference H Cycle 3 Stability, Control, and Flying Qualities Batch Assessments ........ 441

Dennis Henderson, McDonnell Douglas Corporation

Forced Transition Techniques on HSCT Configurations ............................ 477

Steven X. S. Bauer, Richard A. Wahls, and Lewis B. Owens, Jr.,

NASA Langley Research Center

Pressure-Sensitive Paint and Video Model Deformation Systems at the

NASA Langley Unitary Plan Wind Tunnel ...................................... 509

Gary E. Erickson, A. W. Burner, and Richard DeLoach,

NASA Langley Research Center

Analysis and Multipoint Design of the TCA Concept .............................. 544

Steven E. Krist, Steven X. S. Bauer, and Pieter G. Buning,

NASA Langley Research Center



TLNS3D/CDISC Multipoint Design of the TCA Concept ........................... 561

Richard L. Campbell and Michael J. Mann, NASA Langley Research Center

Prediction and Assessment of Reynolds Number Sensitivities Associated

With Wing Leading-Edge Radius Variations ..................................... 588

Richard A. Wahls, Melissa B. Rivers, and Lewis R. Owens, Jr.,

NASA Langley Research Center

Preliminary Results of the 1.5% TCA (Modular) Controls Model in the

NASA Langley UPWT ............. ' ......................................... 612

Paul Kubiatko, McDonnell Douglas Corporation; S. Naomi McMillin,

NASA Langley Research Center; and Douglas Cameron,

McDonnell Douglas Corporation

Effect of Boattail and Sidewall Curvature on Nozzle Drag Characteristics .............. 669

Francis J. Capone, Karen A. Deere, Linda S. Bangert, and Paul S. Pao,

NASA Langley Research Center

Development of TCA Flight Drag Polars for Airplane Performance ................... 707

Chester P. Nelson and Eric E. Adamson, The Boeing Company

Comparison of Linearized Potential Flow Design Analysis Codes .................... 729

John Morgenstern, McDonnell Douglas Corporation

Volume I, Part 2---Configuration Aerodynamics

Overview of CA Activities at Boeing ........................................... 777

Robert M. Kulfan, The Boeing Company

TCA Configuration Cruise Point Design Optimization ............................. 786

K. R. Wittenberg, The Boeing Company

Observations on the Process and Results of Optimization ........................... 871

R. S. Conner, The Boeing Company

Transonic Flap Optimization at Flight Reynolds Number ........................... 969

Max Kandula, Dynacs Engineering Co., Inc.

Nacelle and Diverter Integration Studies ....................................... 1072

Bryan W. Westra, Michael B. Malone, and Charles C. Peavey,

Northrop Grumman

Nacelle/Diverter Design and Airframe Integration ................................ 1092

Steve Chaney, Gordon Blom, Steve McMahon, and Steve Ogg,

The Boeing Company

Computation of Aeroelastic S&C Characteristics Using AEOLAS ................... 1191

Douglas L. Wilson, Michael Elzey, Brian Nishida, Christine Titzer,

The Boeing Company; Ross Sheckler, Dynacs Engineering Co., Inc.

Improvements to the Single-Block Adjoint-Based Aerodynamic Shape

Design Method, SYN87-SB ................................................. 1199

James Reuther, RIACS; David Saunders, Sterling Software; and

Raymond Hicks, MCAT

vi



AmesOptimizedTCA Configuration.......................................... 1257
SusanE. Cliff, NASA Ames Research Center; James Reuther, RIACS;

and Raymond Hicks, MCAT

Development and Validation of the Multi-Block Adjoint Based Design Method ........ 1348

James Reuther, RIACS; Mark Rimlinger, Sterling Software, Inc.

Future Advances in Aerodynamic Shape Optimization ............................ 1415

James Reuther, RIACS; Mark Rimlinger, Sterling Software, Inc.

An Analysis of CFD and Flat Plate Predictions on Friction Drag for the TCA

Wing/Body at Supersonic Cruise ............................................. 1452

Scott L. Lawrence, NASA Ames Research Center

Preliminary Comparisons of Skin Friction Measurements With CFD Predictions ....... 1478

Robert L. Kennelly, Jr., Scott L. Lawrence, NASA Ames Research Center;

Jeffrey D. Flamm, NASA Langley Research Center

Comparisons of CFD Predictions of the TCA Baseline ............................ 1500

Gelsomina Cappuccio, NASA Ames Research Center

Propulsion Induced Effects Test Program Plans .................................. 1550

Gelsomina Cappuccio, Mark Won, and Dan Bencze,
NASA Ames Research Center

Inlet Spillage Drag Predictions Using the AIRPLANE Code ....................... 1605

Scott D. Thomas, Sterling Software, Inc.; Mark Won, and Susan Cliff,
NASA Ames Research Center

Use of CFD Results in the Excrescence Drag Estimation .......................... 1649

Sasan Yaghmaee, The Boeing Company

Trip Drag Corrections to Performance Polars Using Excrescence Methods ............ 1668

Kevin M. Mejia, The Boeing Company

Volume II--High Lift

HSR High Lift Program Overview and PCD2 Update ............................. 1693

Guy Kemmerly, NASA Langley Research Center

Prediction of TCA Full-Scale High-Lift Characteristics ........................... 1707

Paul Meredith, The Boeing Company

Use of Boundary Layer Transition Detection to Validate Full-Scale Flight
Performance Predictions .................................................... 1751

Marvine Hamner and David Yeh, McDonnell Douglas Corporation;

Lewis Owens and Richard Wahls, NASA Langley Research Center

Assessment of Computational Methods Applied to HSCT High-Lift

Configurations With Multiple Flap Surfaces .................................... 1773

David Yeh and Roger Clark, McDonnell Douglas Corporation

Application of CFL3D to Aerodynamic Analysis of HSCT High-Lift

Wing/Body/Nacelle Configurations ........................................... 1849

Xuetong Fan and Paul Hickey, ASE Technologies, Inc.

vii



CFL3D/MAGGIE CFDAnalysisof a4 PercentScaleHSCTAircraft
Model Insidea 12-FootWindTunnel.......................................... 1883
Chung-JunWoan,Boeing North American, Inc.; David Yeh and Roger Clark,

McDonnell Douglas Corporation

Results of a WINGDES2/AERO2S Flap Optimization for the TCA .................. 1933

Steve Yaros, NASA Langley Research Center

Flow Simulation About High-Lift Speed Civil Transports Using TetrUSS ............. 1947

Victor Lessard, ViGYAN, lnc.

A CFD Assessment of Several High-Lift Reference H Configurations

Using Structured Grids ..................................................... 1975

Wendy Lessard, NASA Langley Research Center

Assessment and Applications of CFD Methods for HSCT High-Lift

Aerodynamics ............................................................ 2003

Allen Chen, The Boeing Company

Recent High Lift System and Alternate Control Test Results ....................... 2077

Greg Wyatt, The Boeing Company

An Approach to Modeling HSR Configurations With Control Surface

Deflections .............................................................. 2105

Tom Kinard, Lockheed-Martin Aeronautical Systems

Automated Flap Deflection Procedures for HSCT High-Lift Aerodynamics ........... 2155

David Yeh and Roger Clark, McDonnell Douglas Corporation

A New Approach to Constrained Induced and Trimmed Drag Optimization ........... 2231

Winfried Feifel, The Boeing Company

High-Lift Engine Aeroacoustics Technology (HEAT) Test Program Overview ......... 2257

Fanny Zuniga and Brian Smith, NASA Ames Research Center

Numerical Study of Reynolds Number Effect and Boundary Layer Transition

Location Effect ........................................................... 2277

Anthony Saladino, Dynacs Engineering Co., Inc.

Testing of 2.2 Percent HSR Reference H Model With Modified Wing

Planform in the NTF ....................................................... 2355

Lewis Owens and Richard Wahls, NASA Langley Research Center;

Marvine Hamner, McDonnell Douglas Corporation

Evaluation of Alternate Control Surface Concepts ................................ 2385

Bryan Campbell, NASA Langley Research Center

Status of NASA #442 Test Results--6 Percent Ref. H Upflow and Interference

Test in the LaRC 14' x 22' . ................................................. 2409

Robert Griffiths, The Boeing Company

Application of a 3-D Panel Method to the Predication of Wind Tunnel Wall

and Support Interference .................................................... 2431

Ryan Polito, Arthur Powell, and Roger Clark, McDonnell Douglas Corporation

I.o

VIII



Adams, Jr.
William M.
NASA Langley Research Center
Mail Stop 489
Hampton VA 23681-0001
Ph. 757-864-4013
fax 757-864-7795
eMail: w.m.adams@larc.nasa.gov

Agrawal
Shreekant
McDonnell Douglas Aerospace Co.
Mail Code 71-35
2401 E. Wardlow Road
Long Beach CA 90807-5309
Ph. 562-593-3436
fax 562-593-7593
eMail: agrawal @mdta.mdc.com

Allen
Jerry M.
NASA Langley Research Center
Mail Stop 499
Hampton VA 23681-0001
Ph. 757-864-5592
fax 757-864-4869
eMail: j.m.allen @larc.nasa.gov

Anders
Scott G.
NASA Langley Research Center
Mail Stop 170
Hampton VA 23681-0001
Ph. 757-864-8044
fax 757-864-8801
eMail: s.g.anders@larc.nasa.gov

Anderson
W. Kyle
NASA Langley Research Center
Mail Stop 128
Hampton VA 23681-0001
Ph. 757-864-2164
fax 757-864-8816
eMail: w.k.anderson @larc.nasa.gov

Antani
Tony
McDonnell Douglas Aerospace Co.
Mail Code 71-35
2401 E Wardlow Road
Long Beach CA 90807-5309
Ph. 562-593-3920
fax 562-593-7593
eMail: C362247@ mdcpo05.1b.mdc.com

Applin
Zac
NASA Langley Research Center

Mail Stop 286
Hampton VA 23681-0001
Ph. 757-864-5062
fax 757-864-8192
eMail: z.t.applin@larc.nasa.gov

Arslan
Alan
McDonnell Douglas Aerospace Co.
Mail Code 71-35
2401 E. Wardlow Road
Long Beach CA 90807-5309
Ph. 562-593-8535
fax 562-593-7593
eMail: aea @indigo1 .mdc.com

Bailey
F. Alan
The Boeing Company
Mail Stop 6H-FK
P.O. Box 3707
Seattle WA 98124-2207
Ph. 206-965-2699
fax 206-234-4543
eMail: frazier.a.bailey @boeing.com

Bailey
Mel
Lockheed Engineering & Sciences Co
NASA Langley Research Center
Mail Stop 389
Hampton VA 23681-0001
Ph. 757-864-4030
fax 757-864-7795
email: m.l.bailey@larc.nasa.gov

ix



Bailey
Randall
Calspan Advanced Tech Center
P.O. Box 400
4455 Genesee Street
Buffalo NY 14225-0400
Ph. 716-631-6939
fax 716-631-6990
eMail: bailey@calspan.com

Baize
Dan
NASA Langley Research Center
Mail stop 119
Hampton VA 23681-0001
Ph. 757-864-1071
fax 757-864-8852
eMail: d.g.baize@larc.nasa.gov

Ball
Doug
The Boeing Company
Mail Stop 6H-FK
P.O. Box 3707
Seattle WA 98124-2207
Ph. 206-965-2151
fax 206-234-4543

eMail: baldnb00 @ccmail.ca.boeing.com

Barrett
Mike
Honeywell Inc.
MS: MN65-2810
3660 Technology Drive
Minneapolis MN 55418
Ph. 612-951-7286
fax 612-951-7438
eMail: mike_barrett@ htc.honeywell.com

Belcastro
Christine
NASA Langley Research Center
Mail Stop 161
Hampton VA 23681-0001
Ph. 757-864-4035
fax 757-864-7795
eMail:christine.m.belcastro @larc.nasa.go

Bencze
Dan
NASA Ames Research Center
Mail Stop 227-6
Moffett Field CA 94035-1000
Ph. 415-604-6618
fax 415-604-0737

eMail: dbencze@ mail.arc.nasa.gov

Bengston
Robert
Pratt & Whitney
Mail Stop 165-21
400 Main St.
East Eartford CT 06108
Ph. 860-565-2080
fax 860-565-0123
eMail: bengtsrj@pweh.com

Bharadvaj
Bala
McDonnell Douglas Aerospace Co.
Mail Code 71-35
2401 E Wardlow Road
Long Beach CA 90807-5309
Ph. 562-593-3514
fax 562-982-7787
eMail: c336381 @mail.mdc.com

Borland
Chris

The Boeing Company
Mail Stop 6H-FK
P.O. Box 3707
Seattle WA 98124-2207
Ph. 206-965-0336
fax 206-234-4543
eMail: christopher.j.borland @boeing.com

Bunin
Bruce
McDonnell Douglas Aerospace Co.
Mail Code 71-30
2401 E. Wardlow Road
Long Beach CA 90807-5309
Ph. 562-593-0629
fax 562-982-7383
eMail: bunin@mdta.mdc.com

X



Buning
Pieter Go
NASA Langley Research Center
Mail Stop 280
Hampton VA 23681-0001
Ph. 757-864-3093
fax 757-864-8195

eMaih p.g.buning @larc.nasa.gov

Burner
Alpheus W.
NASA Langley Research Center
Mail Stop 236
Hampton VA 23681-0001
Ph. 757-864-4635
fax 757-864-7607

eMail: a.w.burner@larc.nasa.gov

Buttrill
Carey
NASA Langley Research Center
Mail Stop 132
Hampton VA 23681-0001
Ph. 757-864-4016
fax 757-864-7795

eMail: c.s.buttrill@larc.nasa.gov

Calloway
Robert

NASA Langley Research Center
Mail Stop 119
Hampton VA 23681-0001
Ph. 757-864-2960
fax 757-864-8852

eMail: r.l.calloway@larc.nasa.gov

Camache
Peter

McDonnell Douglas Aerospace Co.
Mail Code 71-30
2401 E. Wardlow Road
Long Beach CA 90807-5309
Ph. 562-593-7012
fax 562-982-7787
eMail: camacho@mdta.mdc.com

Campbell
Brian A.
NASA Langley Research Center
Mail Stop 286

• Hampton VA 23681-0001
Ph. 757-864-5069
fax 757-864-8192

eMail: b.a.campbell@larc.nasa.gov

Campbell
James F.
NASA Langley Research Center
Mail Stop 499
Hampton VA 23681-0001
Ph. 757-864-2866
fax 757-864-8469
eMail: j.f.campbell@larc.nasa.gov

Campbell
Richard Lo
NASA Langley Research Center
Mail Stop 499
Hampton VA 23681-0001
Ph. 757-864-2872
fax 757-864-8469

eMail: r.l.campbell@larc.nasa.gov

Capone
Fran J.
NASA Langley Research Center
Mail Stop 280
Hampton VA 23681-0001
Ph. 757-864-3004
fax 757-864-8195
eMail: f.j.capone@ larc.nasa.gov

Cappuccio
Mina
NASA Ames Research Center
Mail Stop 227-6
Moffett Field CA 94035-1000
Ph. 415-604-1313
fax 415-604-0737
eMaih mcappuccio@ mail.arc.nasa.gov

xi



Chaney
Steve R.
The BoeingCompany
Mail Stop6H-FK
P.O. Box 3707
SeattleWA98124-2207
Ph. 206-237-2878
fax 206-234-4543
eMail:

Chang
Bor-Chin
DrexelUniversity
Dept.MechanicalEngineering
PhiladelphiaPA19104
Ph. 215-895-1790
fax 215-895-1478
eMail: bchang@coe.drexel.edu

Chen
AllenW.
The BoeingCompany
Mail Stop6H-FK
P.O. Box3707
SeattleWA98124-2207
Ph. 206-965-3490
fax 206-234-4543
eMail: awc@hsctaero.ca.boeing.com

Cheung
Samson
McDonnellDouglasAerospaceCo.
MailCode71-35
2401 E.WardlowRoad
LongBeachCA90807-5309
Ph. 562-593-9025
fax 562-593-7593
eMail:shc@indigo1.mdc.com

Christhilf
DavidM.
LockheedEngineering& SciencesCo.
NASALangleyResearchCenter
Mail Stop389
Hampton VA 23681-00
Ph. 757-864-4029
fax 757-864-8838
eMail: d.m.christhilf@larc.nasa.gov

Chu
Julio
NASALangleyResearchCenter
MailStop248
HamptonVA23681-0001
Ph. 757-864-5136
fax 757-864-3553
eMail: j.chu@larc.nasa.gov

Clark
Roger
McDonnellDouglasAerospaceCo.
MailCode71-35
2401 E WardlowRoad
Long Beach CA 90807-5309
Ph. 562-982-5334
fax 562-593-7593
eMail: c08375@mdcpo17.1b.mdc.com

Cliff
Susan
NASAAmesResearchCenter
MailStop227-6
MoffettField A 94035-1000
Ph. 415-604-3907
fax 415-604-0737
eMail: cliff@ra-iris.arc.nasa.gov

Coen
Peter
NASA LangleyResearchCenter
Mail Stop248
Hampton VA23681-0001
Pho757-864-5991
fax 757-864-3553
eMail: p.g.coen@larc.nasa.gov

Conner
Roy S.
The BoeingCompany
MailStop6H-FK
P.O. Box 3707
SeattleWA98124-2207
Ph. 206-965-3774
fax 206-234-4543
eMail: rsc7463@hsctaero.ca.boeing.com

xii



Cuthbertson
R.D.
The Boeing Company
Mail Stop 6H-FR
P.O. Box 3707
Seattle WA 98124-2207
Ph. 206-237-7594
fax 206-234-4543
eMail: robert.d.cuthbertson @boeing.corn

Darden
Christine
NASA Langley Research Center
Mail Stop 119
Hampton VA 23681-0001
Ph. 757-864-5258
fax 757-864-8852
e Mail: c.m.darden @ larc.nasa.gov

Deere
Karen A.
NASA Langley Research Center
Mail Stop 280
Hampton VA 23681-0001
Ph. 757-864-8986
fax 757-864-8195
eMail: k.a.deere @larc.nasa.gov

DeLoach
Richard
NASA Langley Research Center
Mail Stop 236
Hampton VA 23681-0001
Ph. 757-864-4657
fax 757-864-7607
eMail: r.deloach@larc.nasa.gov

Derry
Steve
NASA Langley Research Center
Mail Stop 125B
Hampton VA 23681-0001
Ph. 757-864-7412
fax 757-864-8837
eMail: s.d.derry @ larc.nasa.gov

Domack
Christopher S.
Lockheed Engineering & Sciences Co.
NASA Langley Research Center
Mail Stop 248
Hampton VA 23681-0001
Ph. 757-864-6504
fax 757-864-3553
eMail: domack@ avd00.1arc.nasa.gov

Duffy
Keith S.
The Boeing Company
Mail Stop 6H-FA
P.O. Box 3707
Seattle WA 98124-2207
Ph. 206-965-0116
fax 206-234-4543
eMail: keith @brazil.ca.boeing.com

Ebner
N. Keith
The Boeing Company
Mail Stop 6H-FK
P.O. Box 3707
Seattle WA 98124-2207
Ph. 206-965-0198
fax 206-234-4543
eMail: keith.ebner@boeing.com

Elgersma
Mike
Honeywell Inc.
MS: MN 65-2810
3660 Technology Drive
Minneapolis MN 55418
Ph. 612-951-7208
fax 612-951-7438
eMail: mike_elgersma@ htc.honeywell.corr

Erickson
Gary E.
NASA Langley Research Center
Mail Stop 413
Hampton VA 23681-0001
Ph. 757-864-2886
fax 757-864-8095

eMail: g.e.erickson @larc.nasa.gov

O6.

Xlll



Fan

Xuetong
ASE Technologies Inc.
Suite 203
4015 Exeuctive Park Drive
Cincinnati OH 45241
Ph. 513-563-8855
fax 513-563-8865
eMail: fan @mars.asetach.com

Feifel
Winfried M.
The Boeing Company
Mail Stop 6H-FK
P.O. Box 3707
Seattle WA 98124-2207
Ph. 206-965-0561
fax 206-234-4543
eMail:

Fenbert
James W.
NASA Langley Research Center
Mail Stop 248
Hampton VA 23681-0001
Ph. 864-5973
fax

eMail: j.w.fenbert@ larc.nasa.gov

Funk
Joan G.
NASA Langley Research Center
Mail Stop 119
Hampton VA 23681-0001
Ph. 757-864-3092
fax 757-864-8852

eMail: j.g.funk@larc.nasa.gov

Garg
San jay
NASA Lewis Research Center
Mail Stop 77-1
21000 Brookpark Road
Cleveland OH 44135
Ph. 216-433-2685
fax 216-433-8643
eMail: sanjay.garg@lerc.nasa.gov

Ghaffari
F.

NASA Langley Research Center
Mail Stop 499
Hampton VA 23681-0001
Ph. 757-864-2856
fax 757-864-8469
eMail: f.ghaffari @larc.nasa.gov

Giesy
Dan

Lockheed Engineering & Sciences Co.
NASA Langley Research Center
Mail Stop 389
Hampton VA 23681-0001
Ph. 757-864-4006
fax 757-864-8838

eMail: d.p.giesy@larc.nasa.gov

Gilbert
Bill
NASA Langley Research Center
Mail Stop 119
Hampton VA 23681-0001
Ph. 757-864-6392
fax 757-864-8852

eMail: w.p.gilbert@larc.nasa.gov

Glaab
Louis

Lockheed Engineering & Sciences Co.
NASA Langley Research Center
Mail Stop 343
Hampton VA 23681-0001
Ph. 757-864-1159
fax 757-864-7722
eMail: I.j.glaab @larc.nasa.gov

Goldberg
Perry
McDonnell Douglas Aerospace Co.
Mail Code 71-35
2401 E. Wardlow Road
Long Beach CA 90807-5309
Ph. 562-982-2126
fax 562-593-7593
eMail: goldbet@citm.mdc.com

xiv



G racey
Chris
NASA Langley Research Center
Mail Stop 161
Hampton VA 23681-0001
Ph. 757-864-4019
fax 757-864-7795
eMail: c.gracey @ larc.nasa.gov

Green
Lawrence L.
NASA Langley Research Center
Mail Stop 159
Hampton VA 23681-0002
Ph. 757-864-2228
fax 757-864-9713
eMail: I.I.green @larc.nasa.gov

Gregory
Irene
NASA Langley Research Center
Mail Stop 132
Hampton VA 23681-0001
Ph. 757-864-4075
fax 757-864-7795

eMail: i.m.gregory@larc.nasa.gov

Greiner
Glenn P.

George Washington University
NASA Langley Research Center
Mail Stop 132
Hampton VA 23681-0001
Ph. 757-864-4086
fax 757-864-7795
eMail: g.p.greiner@ larc.nasa.gov

Griffiths
Robert C.

The Boeing Company
Mail Stop 6H-FK
P.O. Box 3707
Seattle WA 98124-2207
Ph. 206-965-3465
fax 206-234-4543

eMail: robert.c.griffiths @boeing.com

Gumbert
Clyde R.
NASA Langley Research Center
Mail Stop 159
Hampton VA 23681-0001
Ph. 757-864-2221
fax 757-864-9713
eMail: c.r.gumbert@larc.nasa.gov

Hager
James
McDonnell Douglas Aerospace Co.
Mail Code 71-35
2401 E. Wardlow Road
Long Beach CA 90807-5309
Ph. 562-982-9217
fax 562-593-7593
eMail: joh @indigo1 .mdc.com

Hahne
Dave
NASA Langley Research Center
Mail Stop 153
Hampton VA 23681-0001
Ph. 757-864-1162
fax 757-864-7722
eMail: d.e.hahne@larc.nasa.gov

Halberg
Eric N.
Naval Postgraduate School
Mail Code 31
Halligan Hall
Monterey CA 93940
Ph. 408-656-5040
fax 408-656-2313
eMail: hallberg @ aa.nps.navy.mil

Hamner
Marvine P.
McDonnell Douglas Aerospace Co.
Mail Code S 1022272
P.O. Box 516
St Louis MO 63166-0516
Ph. 314-233-1600
fax 314-777-2984
eMail: mph@indigol.mdc.com

XV



Hartwich
Peter M.

McDonnell Douglas Aerospace Co.
Mail Code 71-35
2401 E. Wardlow Road
Long Beach CA 90807-4418
Ph. 562-593-2965
fax 562-593-7593
eMail: pmh @indigo1 .mdc.com

Henderson
Dennis K.
McDonnell Douglas Aerospace Co.
Mail Code 71-35
2401 E Wardlow Road
Long Beach CA 90807-5309
Ph. 562-982-9269
fax 562-593-7593
eMail: dhenderson @c17m.mdc.com

Hickey
Paul K.
ASE Technologies, Inc.
Suite 203
4015 Executive Park Drive
Cincinnati OH 45241
Ph. 513-563-8855
fax 513-563-8865
eMail: phickey@asetech.com

Hines
Dick
Pratt & Whitney
Mail Stop 165-22
400 Main St.
East Hartford CT 06108
Ph. 860-565-7239
fax 860-565-0168
eMail: hinesrw@pwfl.com

Jackson
Bruce
NASA Langley Research Center
Mail Stop 132
Hampton VA 23681-0001
Ph. 757-864-4060
fax 757-864-7795

eMail: e.b.jackson @larc.nasa.gov

Jackson
Mike
Honeywell Inc.
MS: MN 65-2810
3660 Technology Drive
Minneapolis MN 55418
Ph. 612-951-7748
fax 612-951-7438

eMail: mike_jackson @ htc.honeywell.com

Jager
Merle L.
McDonnell Douglas Aerospace Co.
Mail Code 71-30
2401 E. Wardlow Road
Long Beach CA 90807-5309
Ph. 562-593-4003
fax 562-982-7787
eMail: C391818 @mdcpol0.1b.mdc.com

Joshi
Suresh
NASA Langley Research Center
Mail Stop 132
Hampton VA 23681-0001
Ph. 757-964-6608
fax 757-864-7795

eMail: s.m.joshi@larc.nasa.gov

Joslin
Ron

NASA Langley Research Center
Mail Stop 170
Hampton VA 23681-0001
Ph. 757-864-2234
fax 757-864-8801
eMail: r.d.joslin@larc.nasa.gov

Kaminer
Issac I.
Naval Postgraduate School
Mail Code AA/KA
Monterey CA 93943
Ph. 408-656-5040
fax 408-656-2313
eMail: kaminer@ aa.nps.navy.mil

xvi



Kandula
Max

Dynacs Engineering Co., Inc.
Building 3, Suite B
258 S.W. 43rd
Renton WA 98055
Ph. 206-251-8692
fax 206-251-9564
eMail: kandula@vm.nas.gov

Kemmerly
Guy T.
NASA Langley Research Centr
Mail Stop 286
Hampton VA 23681-0001
Ph. 757-864-5070
fax 757-864-8192

eMail: g.t.kemmerly @larc.nasa.gov

Kennelly
Robert A.
NASA Ames Research Center
Mail Stop 227-6
Moffett Field CA 94035-1000
Ph. 415-604-5860
fax 415-604-0737
eMail: rakennelly @mail.arc.nasa.gov

Kinard
Tom A.
Lockheed Martin
86 South Cobb Drive
Mail Code 0685
Marietta GA 30063-0685
Ph. 770-494-8588
fax 770-494-3055
eMail: kinard @mar.lmco.com

KIopter
Goetz H.
MCAT, Inc.
NASA Ames Research Center
Mail Stop 258-1
Moffett Field CA 94035-1000
Ph. 415-604-3993
fax 415-604-2238

eMail: klopter@ nas.nasa.gov

Kobayashi
Takahisa
NASA Lewis Research Center
Mail Stop 77-1
21000 Brookpark Road
Cleveland OH 44135-3191
Ph. 216-433-3739
fax 216-433-8643
eMail: tak@lerc.nasa.gov

Krause
Fred
General Electric
Mail Drop T34
1 Neumann Way
Cincinnati OH 45215-1988
Ph. 513-552-4279
fax 513-552-4350
eMail: fred.h.krause @ae.ge.com

Krist
Steven E.
NASA Langley Research Center
Mail Stop 280
Hampton VA 23681-0001
Ph. 757-864-3046
fax
eMail: s.e.krist@larc.nasa.gov

Kubiatko
Paul
McDonnell Douglas Aerospace Co.
Mail Code 71-35
2401 E. Wardlow Road
Long Beach CA 90807-5309
Ph. 562-982-7850
fax 562-593-7593
eMail: kubiatko @mdta.mdc.com

Kulfan
Bob

The Boeing Company
Mail Stop 6H-FK
P.O. Box 3707
Seattle WA 98124-2207
Ph. 206-965-3779
fax 206-234-4543
eMail: robert.m.kulfan@boeing.com

xvii



Kwatny
Harry
Drexel University
Dept Mechanical Engineering
Philadelphia PA 19104
Ph. 215-895-2356
fax 215-895-1478
eMail: hkawtny @coe.drexel,edu

Lawrence
Scott
NASA Ames Research Center
Mail Stop T27-B-2
Moffett Field CA 94035-1000
Ph. 415-604-4050
fax 415-604-1095
eMail: lawrence@nas.nasa.gov

Leavitt
Larry
NASA Langley Research Center
Mail Stop 280
Hampton VA 23681-0001
Ph. 757-864-3017
fax 757-864-8195
eMail: I.d.leavitt @larc.nasa.gov

Lessard
Victor R.
VIGYAN
30 Research Drive
Hampton VA 23666-1325
Ph. 757-864-5072
eMail: v.r.lessard @larc.nasa.gov.

Lessard
Wendy
NASA Langley Research Center
Mail Stop 286
Hampton VA 23681-0001
Ph. 757-864-1165
fax 757-864-8192
eMail: w.b.lessard@larc.nasa.gov

Light
Bruce A.
The Boeing Company
Mail Stop 6H-FP
P.O. Box 3707
Seattle WA 98124-2207
Ph. 206-965-1934
fax 206-234-4543
eMail:

Un

Kyong
NASA Langley Research Center
Mail Stop 161
Hampton VA 23681-0001
Ph. 757-864-4342
fax 757-864-7797
eMail: k.b.lim@larc.nasa.gov

ElM

Tianshu
High Technology Corporation
28 Research Drive
Hampton VA 23666
Ph. 757-865-6766
eMail: tianshu @htc.tech.com

Ludas
Kevin
McDonnell Douglas Aerospace Co.
Mail Code 71-30
2401 E Wardlow Road
Long Beach CA 90807-5309
Ph. 562-593-2889
fax 562-982-7383
eMail: ludas@mdta.mdc.com

Lund
David W.
The Boeing Company
Mail Stop 6H-FK
P.O. Box 3707
Seattle WA 98124-2207
Ph. 206-965-2151
fax 206-234-4543
eMail: davicl.w.lund@boeing.com

oo.

XVIil



MacKinnon
Malcolm I.K.
The Boeing Company
Mail Stop 6H-FM
P.Q. Box 3707
Seattle WA 98124-2207
Ph. 206-237-0339
fax 206-234-4543

eMail: malcolm.i.mackinnon@boeing.com

Maddalon
Dal V.
NASA Langley Research Center
Mail Stop 170
Hampton VA 23681-0001
Pho 757-864-1909
fax 757-864-8801

eMail: d.v.maddalon @larc.nasa.gov

McMillin
S. Naomi
NASA Langley Research Center
Mail Stop 499
Hampton VA 23681-0001
Ph. 757-864-5581
fax 757-864-8469

eMail: s.n.mcmillin @larc.nasa.gov

Mejia
Kevin K.

The Boeing Company
Mail Stop 6H-FK
P.O. Box 3707
Seattle WA 98124-2207
Ph. 206-965-3773
fax 206-234-4543

eMail: devin.m.mejia@ boeing.com

Morgenstem
John

McDonnell Douglas Aerospace Co.
Mail Code 71-30
2401 E Wardlow Road
Long Beach CA 90807-5309
Ph. 562-982-9276
fax 562-982-7787
eMail: morgenstem @mdta.mdc.com

MacWilkinson
Derek G.

McDonnell Douglas Aerospace Co.
Mail Code 71-30
2401 E. Wardlow Road
Long Beach CA 90807-5309
Ph. 562-496-8723
fax 562-982-7383
eMail: dmacw@mdta.mdc.com

Martin
Grant L.

McDonnell Douglas Aerospace Co.
Mail Code 71-35
2401 E. Wardlow Road
Long Beach CA 90807-5309
Ph. 562-593-0040
fax 562-593-7593
eMail: glm@indigol.mdc.com

McMinn
Dana

NASA Langley Research Center
Mail Stop 132
Hampton VA 23681-0001
Ph. 757-864-4069
fax 757-864-7795

eMail: j.d.mcminn @larc.nasa.gov

Meredith
Paul T.

The Boeing Company
Mail Stop 6H-FK
P.O. Box 3707
Seattle WA 98124
Ph. 206-965-3468
fax 206-234-4543

eMail: paul.t.meredith@ca.boeing.com

Morris
Martin J.

McDonnell Douglas Aerospace Co.
Mail Code 106-7126
P.O. Box 516
St. Louis MO 63166-0516
Ph. 314-232-6939
fax 314-777-1328
eMail: mmorris@ mdc.com

xix



Mortlock
Alan
McDonnell Douglas Aerospace Co.
Mail Code 71-30
2401 E Wardlow Road
Long Beach CA 90807-5309
Ph. 562-593-3937
fax 562-982-7787
eMail: mortlock @mdta.mdc.com

Narducci
Robert
McDonnell Douglas Aerospace Co.
Mail Code 71-35
2401 E. Wardlow Road
Long Beach CA 90807-5309
Ph. 562-593-0171
fax 562-593-7593
eMail: rpn@indigol.mdc.com

Nelms, Jr.
Pres
NASA Ames Research Center
Mail Stop 237-2
Moffett Field CA 94035-1000
Ph. 415-604-6093
fax 415-604-6990
eMail: p_nelms @ qmgate.arc.nasa.gov

Nelson
Chester P.
The Boeing Company
Mail Stop 6H-FK
P.O. Box 3707
Seattle WA 98124-2207
Ph. 206-965-5514
fax 206-234-4543
eMail: chester.p.nelson@boeing.com

Newman
Brett
Old Dominion University
Ph. 757-683-3720
fax 757-683-3200

Owens
Lewis
NASA Langley Research Center
Mail Stop 286
Hampton VA 23681-0001
Ph. 757-864-5127
fax 757-864-8192
eMail: I.r.owens@larc.nasa.gov

Ozoroski
L.P.
NASA Langley Research Center
Mail Stop 248
Hampton VA 23681-0001
Ph. 757-864-5992
fax 757-864-3553
eMail: I.p.ozoroski @ larc.nasa.gov

Pao
S. Paul
NASA Langley Research Center
Mail Stop 280
Hampton VA 23681-0001
Ph. 757-864-3044
fax 757-864-8195
eMail: s.p.pao@larc.nasa.gov

Patton
Robert E.
The Boeing Company
Mail Stop 6H-FK
P.O. Box 3707
Seattle WA 98124-2207
Ph. 206-965-1425
fax 206-234-4543
eMail: robert.e.patton @boeing.corn

Peavey
Charles C.
Northrop Grumman Corp.
Mail Code 9B52/GK
8900 E. Washington Blvd.
Pico Rivera CA 90660
Ph. 562-948-8937
fax 562-948-8068
eMail: cpeavey@ world.northgrum.com



Pittman
JamesL.
NASALangleyResearchCenter
Mail Stop395
HamptonVA23681-0001
Ph. 757-864-1361
fax 757-864-8193
eMail:

Polito
Ryan C.
McDonnellDouglasAerospaceCo.
MailCode71-35
2401 E.WardlowRoad
LongBeachCA 90807-5309
Pho562-593-0048
fax 562-593-7593
eMail: rp@indigol.mdc.com

Popernack,Jr.
ThomasG.
NASALangleyResearchCenter
Mail Stop267
HamptonVA23681-0001
Ph. 757-864-5163
fax
eMail: t.g.popemack.jr@larc.nasa.gov

Pototzky
Anthony So
NASALangleyResearchCenter
MailStop389
HamptonVA23681-0001
Ph. 757-864-2827
fax 757-864-8838
eMail: a.s.pototzky@larc.nasa.gov

Powell
Art
McDonnellDouglasAerospaceCo.
MailCode71-35
2401 E.WardlowRoad
Long BeachCA90807-5309
Ph. 562-593-3225
fax 562-593-7593
eMail: C306624@mdcpol1.Ib.md.com

Proffitt
Melissa
LockheedEngineeringand SciencesCo.
NASALangleyResearchCenter
MailStop389
HamptonVA23681-0001
Ph. 757-864-4024
fax 757-864-7795
eMail: m.s.proffitt@larc.nasa.gov

Radeztsky
Ronald
HighTechnology Corporation
28 Research Drive
Hampton VA 23666
Ph. 757-865-0818
fax 757-865-6766
eMail: ron @htc.tech.com

Raney
David
NASA Langley Research Center
Mail Stop 489
Hampton VA 23681-0001
Ph. 757-864-4033
fax 757-864-7795
eMail: d.l.raney@ larc.nasa.gov

Ray
James K.

The Boeing Company
Mail Stop 6H-FA
P.O. Box 3707
Seattle WA 98124-2207
Ph. 206-965-1997
fax 206-234-4543
eMail: james.k.ray @.boeing.corn

Reuther
James
RIACS
NASA Ames Research Center
Mail Stop 227-6
Moffett Field CA 94035-1000
Ph. 415-604-1516
fax 415-604-0737

eMail: reuther@ra.iris-arc.nasa.gov

_J



Ricketts
RodneyH.
NASALangleyResearchCenter
MailStop 119
Hampton VA23681-0001
Ph. 757-864-1209
fax 757-864-8852
eMail:r.h.ricketts@larc.nasa.gov

Rimlinger
MarkJ.
SterlingSoftware,Inc.
NASAAmesResearchCenter
Mail Stop227-6
MoffettFieldCA94035-1000
Ph. 757-864=5944
fax 757-864-0737
eMail: rimlinge@ra-iris.arc.nasa.gov

Rivers
MelissaB.
NASALangleyResearchCenter
MailStop499
HamptonVA 23681-0001
Ph. 757-864-5161
fax 757-864-7892
eMail:m.b.rivers@larc.nasa.gov

Rivers
Rob
NASALangleyResearchCenter
MailStop132
HamptonVA 23681-0001
Ph. 757-864-3917
fax 757-864-8549
eMail: r.a.rivers@larc.nasa.gov

Roberts
ThomasW.
NASALangleyResearchCenter
Mail Stop 128
HamptonVA23681-0001
Ph. 757-864-6804
fax 757-864-8166
eMail: t.w.roberts@larc.nasa.gov

Rossitto
Ken
McDonnellDouglasAerospaceCo.
MailCode 36-41
2401EWardlowRoad
LongBeach CA 90807-5309
Ph. 562-593-3870
fax 562-593-7593
eMail: rossitto@ mdta.mdc.com

Saladino
Anthony J.
Dynacs Engineering Co., Inc.
Building 3, Suite B
258 S.W. 43rd Street
Renton WA 98055
Ph. 206-251-8692
fax 206-251-9564
eMail: saladino @ indyl.dynacsgen.com

Sawyer
Wallace C.
NASA Langley Research Center
Mail Stop 119
Hampton VA 23681-0001
Ph 757-864-2267
fax 757-864-8852
Email: w.c.sawyer @larc.nasa.gov

Scott
Michael
NASA Langley Research Center
Mail Stop 132
Hampton VA 23681-0001
Ph. 757-864-6618
fax 757-864-7795
eMail: michael.allen.scott@ larc.nasa.gov

Shaw
Joe
NASA Lewis Research Center
Mail Stop 60-2
21000 Brookpark Road
Cleveland OH 44135-3191
Ph. 216-977-7135
fax 216-977-7133
eMail: robert.j.shaw @ lerc.nasa.gov

yJJi



Shields
Bill
LockheedEngineering& SciencesCo.
NASALangleyResearchCenter
MailStop248
HamptonVA 23681-0001
Ph. 757-864-5958
fax 757-864-5958
eMail: c.w.shields@larc.nasa.gov

Siclari
MichaelJ.
NorthropGrummanCorp.
Mail Stop KO8-14
South OysterBay Road
BethpageNY 11714
Pho516-575-8067
fax 516-346-2937
eMail: siclari@gateway.grumman.com

Smith
Brian
NASAAmesResearchCenter
Mail Stop247-2
MoffettFieldCA 94035-3191
Ph. 415-604-6669
fax 415-604-3489
eMail: bsmith@mail.arc.nasa.gov

Snyder
Phil
NASAAmesResearchCenter
Mail Stop237-2
MoffettField CA94035-1000
Ph. 415-604-4592
fax 415-604-6990
eMail: p.t.snyder@mail.arc.gov

Sundaram
Pichuraman
McDonnellDouglasAerospaceCo.
MailCode71-35
2401E.WardlowRoad
LongBeachCA 90807-5309
Ph. 562-496-9787
fax 562-593-7593
ps@indigo1.mdc.com

mamrat

Befecadu
Boeing North American Inc.
Mail Code Sk12
2600 Westminster Blvd.
Seal Beach CA 90740
Ph. 310-797-4948
fax 310-797-4854
eMail: bftamrat@ naa.boeing.com

Thomas
James L.
NASA Langley Research Center
Mail Stop 128
Hampton VA 23681-0001
Ph. 757-864-2163
fax 757-864-8816

eMail: j.l.thomas @ larc.nasa.gov

Thomas
Scott D.
Sterling Software, Inc.
NASA Ames Research Center
Mail Stop 237-2
Moffett Field CA 94035-1000
Ph. 415-604-6387
fax 415-604-6990
eMail: thomas@nas.nasa.gov.

Troha
William A.
NASA Lewis Research Center
Mail Stop 86-1
21000 Brookpark Road
Cleveland OH 44135-3191
Pho 216-433-3195
fax 216-433-6624
eMail: william.a.troha @lerc.nasa.gov

Unger
Eric R.
McDonnell Douglas Aerospace Co.
Mail Code 71-35
2401 E. Wardlow Road
Long Beach CA 90807-5309
Ph. 562-593-3037
fax 562-593-7593
eMail: c386821 @hc1038.mdc.com

o.o



Vasquez
Moises
George Washington University
NASA Langley Research Center
Mail Stop 286
Hampton VA 23681-0001
Ph.
Fax

eMail: vasquez @ ab80.1arc.nasa.gov

Viars
Philip
General Electric
Mail Drop T34
1 Neumann Way
Cincinnati OH 45215-1988
Ph. 513-552-4132
fax 513-552-4350
eMail: Philip.Viars @ae.ge.com

Wallace
Hoyt
McDonnell Douglas Aerospace Co.
Mail Code $270-2370
P.O. Box 516
St Louis MO 53166-0516
Ph. 314-233-7712
fax 314-234-7210
eMail: hwallace @mdc.com

Wechsler
Jim

McDonnell Douglas Aerospace Co.
Mail Code 71-35
2401 E. Wardlow Road
Long Beach CA 90807-5309
Ph. 562-496-7627
fax 562-982-7787
eMail: jwex @mdta.mdc.com

Vatsa
Veer N.
NASA Langley Research Center
Mail Stop 128
Hampton VA 23681-0001
Ph. 757-864-2236
fax 757-864-8816
eMail: v.n.valsa @iarc.nasa.gov

Wahls
Richard A.
NASA Langley Research Center
Mail Stop 499
Hampton VA 23681-0001
Ph. 757-864-5108
fax 757-864-8469
eMail: r.awahls @larc.nasa.gov

Walsh
Michael J.
NASA Langley Research Center
Mail Stop 170
Hampton VA 23681-0001
Ph. 757-864-5542
fax 757-864-7897
eMail: m.j.walsh@larc.nasa.gov

Westra
Bryan W.
Northrop Grumman Corp.
Mail Code 9B52/GK
8900 E. Washington Blvd.
Pico Rivera CA 90660
Ph. 562-948-7560
fax 562-948-8068
eMail: bwestra @world.northgrum.com

Whitehead
Allen H. Jr.
NASA Langley Research Center
Mail Stop 119
Hampton VA 23681-0001
Ph. 757-864-7800
fax 757-864-8852
eMail: allen.h.whitehead @larc.nasa.gov

Wilhite
Alan W.
NASA Langley Research Center
Mail Stop 119
Hampton VA 23681-0001
Ph. 757-864-2982
fax 757-864-8852
eMail: a.w.wilhite @ larc.nasa.gov

'F_V



Williams
Todd

McDonnell Douglas Aerospace Co.
Mail Code 71-12
2401 E. Wardlow Road
Long Beach CA 90807-5309
Ph. 562-496-8795
fax 562-496-9244
eMail: twilliams @mdta.mdc.com

Wittenberg
K. Robyn
The Boeing Company
Mail Stop 6H-FK
P.O. Box 3707
Seattle WA 98124-2207
Ph. 206-965-1091
fax 206-234-4543
eMail:

Wilson
Doug
The Boeing Company
Mail Stop 6H-FK
P.O. Box 3707
Seattle WA 98124-2207
Ph. 206-965-3458
fax 206-234-4543
eMail: douglas.l.wilson@boeing.com

Woan
Chung-Jin
Boeing North American, Inc.
Mail Code SK07
P.O. Box 3644
Seal Beach CA 90740-7644
Ph.
fax
eMail

Wood
Rick
NASA Langley Research Center
Mail Stop 499
Hampton VA 23681-0001
Ph. 757-864-6174
fax 757-864-8469
eMail:

Yaghmaee
Sasan S.

The Boeing Company
Mail Stop 6H-FK
P.O. Box 3707
Seattle WA 98124-2207
Ph. 206-965-3777
fax 206-234-4543

eMail: sasan.yagmaee @boeing.com

Yeh
David T.

McDonnell Douglas Aerospace Co.
Mail Code 71-35
2401 E. Wardlow Road
Long Beach CA 90807-5309
Ph. 562-496-9113
fax 562-593-7593
eMail: dry@indigo1 .mdc.com

Wyatt
Greg
The Boeing Company
Mail Stop 6H-FK
P.O. Box 3707
Seattle WA 98124-2207
Ph. 206-965-3466
fax 206-234-4543

eMail: douglas.l.wilson@boeing.com

Yaros
Steven

NASA Langley Research Center
Mail Stop 286
Hampton VA 23681-0001
Ph. 757-864-3050
fax 757-864-8192
eMail: s.f.yaros @larc.nasa.gov

Zuniga
Fanny
NASA Ames Research Center
Mail Stop 247-2
Moffett Field CA 94035-1000
Ph. 415-604-2017
fax 415-604-3489
eMail: fzuniga@ mail.arc.nasa.gov

XXy
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The Configuration Aerodynamics technology development activities
consist of four primary subtasks. These include:

1. Non-linear rigid and aeroelastic methods adaption and validation.

2. Developing and validation non-linear aerodynamic design
optimization capability.

3. Nacelle design and airframe integration studies.

4. Assessments of the baseline TCA configuration and determining

the benefits of the Configuration Aerodynamics technology

development activities.
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The Non-Linear Rigid and Aeroelastic Methods subtask activities consist for

four primary task elements. These Include:

1. Prediction of complete configuration forces and moments.

2. Inviscid aeroelastic analysis methods development.

3. Viscous aeroelastic analysis methods development.

4. Prediction of power induced effects on the complete rigid configuration.

The overall objective is to adapt, apply and validate non-linear aerodynamic

analysis methods for prediction of the forces, moments and pressure

distributions on complete HSCT type configurations including elastic and

propulsion system power induced effects. The CFD methods are used as

critical elements in then other three subtasks.

Also included in the subtask are experimental activities conducted to validate

the analysis tools.

Boeing did not have any activity in this subtask in 1996
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Non-li_ar Cruise

PointDesign

RigidMulti-Point i

1. "rCA Cruise Peint Design Optimization" Rebyn Wittenberg

2. "Observations on the Process and Results of Optimization" Rusty Conner

3. '_ptimum Transonic Flap Studies" Max Kandula (Dynacs)

The Aerodynamic Design Optimization Capability subtask consists of four

subtask elements. These are the four essential sequential steps necessary to

develop the ultimate capability of non-linear aerodynamic design optimization

including both viscous and aeroelastic effects.

The Boeing Non-linear cruise point activities were focused on including

typical realistic design constraints in the TRANAIR non-linear optimization

process and assessing the potential cruise performance benefits when applied

to the TCA linear design baseline configuration. Robyn Wittenburg and Rusty

Conner will discuss the Boeing point design optimization work.

The Boeing rigid multi-point design optimization activity was focused on

transonic flap optimization of the TCA configuration. An important element is

to understand the nature of the flow over the flaps for the optimum condition.

This is a prelude for developing multi-point design optimization capability.

Max Kandula will summarize the work performed by Dynacs for Boeing in
this area.
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CONFIGURATION

4. "Nacelle and Diverter Integration Studies Mike Malone (NorthruplGrumman)5. "Bifurcated Inlet Nacelle Integration and Baseline TCA PAl Assessment" Steve Chaney

The Nacelle Design and Airframe Integration subtask consists of four three
subtasks elements:

• Inlet design and flow assessment

• Nozzle design and boattail drag assessment

• Nacelle / Diverter design integration

Mike Malone will summarize the nacelle and diverter integration studies

conducted by Northrup/Grumann for Boeing.

Steve Chaney will discuss the bifurcated inlet nacelle integration studies and

the assessments of the nacelle / diverter installation on the baseline TCA

configuration.
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CONFIGURATION AERODYNAMICS

6. "ComputaUon of Aeroelastlc S&C Charactm'is§cs Using

AEOLAS" Doug Wilson

7. "Configuration Aerodynamic Metrics Update" Bob Kulfan

The Technology Concept Assessment subtask consists of:

• Aerodynamic performance assessments of the baseline TCA configuration

• Stability and control assessments of the TCA

• Propulsion induced effects test programs and related prediction methods validation

activities.

• Developing methods for predicting full scale aerodynamic predictions.

• Fundamental aerodynamic design studies

• Development of wind tunnel database for the TCA

• Aerodynamic technology metrics developments and tracking the technology process.

Doug Wilson will summarize results of computing aeroelastic S&C characteristics using the

B oeing AEOLAS program.

Bob Kulfan will review the metrics development and tracking activities during the plenary

session of the workshop.
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CONFIGURATION AERODYNAMICS
lw7

Non-linear Cruise

Point Design

Rigid Multi-Point
Design

Inlet Design and
Flew Amment

Nacelle / Diverle¢

Design Integration

,.o I

-i I

The Boeing technology development areas in 1997 will be expanded relative to
1996.

Rigid Configuration Forces and Moments: The focus will be on prediction

on complete configuration forces and moments including aftbody /empennage

and trim drag. This will support the planned aft-body closure wind tunnel test

program planned for later this year.

Rigid Power Effects: The objective of this activity is to develop CFD

modeling and analysis capability to represent Propulsion Induced Effects (PIE)

on the TCA configuration, Inlet spillage, bleed, bypass and nozzle flow effects

will be included. The initial focus will be on identifying the magnitude of

these effects in support of the planned Configuration Aerodynamics PIE wind

tunnel test program. This work will be conducted by Northrup/Grumann

NonlLinear Cruise Point Design: .The TRANAIR design optimization

method will be enhanced to include optimization with viscous effects,

Complete configuration including trim drag effects, and inlet flow quality

constraints. The enhanced methodology will be applied to the TCA
configuration.
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Rigid Multi-Point Design: Techniques will be explored to determine if

TRANAIR can be used to conduct meaningful off-design flap optimization. A

strategy for conducting multi-point design optimization with TRANAIR will

be formulated.

Inlet Design and Flow Assessment: Studies are underway to develop

techniques to model inlet spillage effects with the OVERFLOW Navier Stokes

CFD code. The objective is to develop and validate the capability to model

actual flight spillage rates so that the axi-symmetric and bifurcated nacelles can

be accurately compared at the transonic acceleration flight conditions. This

work is in support of inlet downselect decisions.

Naeelle/Diverter Design Integration: This will be an extension of the detailed

nacelle design integration studies currently underway. The planned wind

tunnel test programs of various nacelle integration concepts on the TCA will

be supported.

Aerodynamic Performance Assessment: Wind tunnel performance data

obtained with the TCA configuration will be evaluated especially at the off-

design conditions in which the outboard flaps are deflected.

Stability and Control Assessments: Stability and control assessments of the

TCA configuration will be continued.

Propulsion Induced Effects: Efforts to support the planned PIE wind tunnel

test program are currently under way.

Develop Configuration Aero Wind Tunnel Database: Boeing will

participate in supporting the development of the wind tunnel database for the

TCA configuration.

Aerodynamic Technology Metrics: The L/D projection processes will continue

to be refined. These metrics will be used through the year to track the

technology development progress.
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Boeing Presentation Schedule

8:00 - 8:10 "Overview of CA Activities at Boeing

8:10 - 8:$0 'q'CA Cruise Point Desigln Optimization"

8:$0 - 9:.30 "Observations on the Process and Results of Optimization"

9:30 - 10:.00 "Optimum Transonic Flap Studies"

10:00- 10:.15 Break

10:.15 - 10:.45 "Nacelle and Diverter Integration Studies

10:.45 - 11:45 "Bifmrcated Inlet Naedl¢ Integration and Baseline TCA PAl Assessment"

11:45-12:00 "Computation of AeroolasUc S&C Characteristics Using AEOLAS"

Bob Kulfan

Robyn Wittenberg

Rusty Conner

Max Kandula

Mike Malone

Steve Chancy

Doug Wllson

This is the schedule for the Boeing Presentations.
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Second NASA/Industry High Speed Research Configuration
Aerodynamic Workshop

Bryan W. Westra,Michael B. Malone, and CharlesC. Peavey

Northrop Gmmman Mih'taryAircraftSystems Division

Pico Rivera, Cali.fornia 90660

The 1996 Nacelle/Diverter Design and Airframe Integration Study (WBS 4.3.1.3) was

initiated to develop an understanding of how the nacelle and diverter integration affect the

performance of the High Speed Civil Transport Technology Concept Airplane (TCA).

Boeing subcontracted Northrop Grumman Corporation 0NGC) to assist in the Assessment of

Nacelle Integration (WBS 4.3.1.3.1) and the Nacelle/Diverter Integration (WBS 4.3.1.3.3).

NGC's contribution to WBS 4.3.1.3.1 and WBS 4.3.1.3.3 consisted of two tasks: a Nacelle

Orientation Study and a Diverter Shape Study. The computations for this study were

performed on the NAS Cray C-90 at the cost of approximately 300 CPU hours.

Both tasks involved a parametric, viscous CFD analysis and were performed on the full

scale TCA at Mach 2.4, altitude 56,500 feet. The objective of the Nacelle Orientation task

was to provide guidance for determining the minimum aircraft drag and minimum inlet

distortion configurations. For this task, the orientation of the nacelle was changed by varying

the toe-in angle, pitch angle, and diverter height. For the Diverter Shape Study, the objective

was to provide design criteria for the diverter shape and wing trailing edge to nacelle spacing

to minimize the installed, 2D nozzle/nacelle drag.

The initial phase of the Diverter Shape Study was to reconcile a viscous drag discrepancy

observed in the 1995 Ref. H Transonic Nozzle Boattail Drag Study. It was suspected that the

discrepancy was due to flow solver difference between OVERFLOW and GCNSfv. It was

determined that the solvers agree within 0.3% (0.4 drag counts) and that the discrepancy was

due to different amounts of off-body grid stretching.

For the Nacelle Orientation task, eight variants were developed by repositioning the

nacelle/diverters. Two variants were created for each geometric variable, i.e. nacelle pitch,

inboard nacelle toe angle, outboard nacelle toe angle, and diverter height. Based on the

variants, it was predicted that a 0.68 count reduction could be achieved by pitching both

nacelles down and toeing-out the inboard nacelle. This optimum configuration was

generated and resulted in a 0.66 count reduction. The minimum inlet distortion configuration

was achieved by primarily two adjustments: an inboard nacelle pitch up and an outboard
nacelle toe-in.

Another eight variants were created for the Diverter Shape task. In addition to the baseline

diverter geometry, a thin diverter (similar to the Ref. H diverter) and a NGC developed hybrid

diverter shape were examined at different wing trailing edge to nacelle spacings. It was

concluded the best diverter shape for drag reduction was the hybrid diverter. The best trailing

edge to nacelle spacing was when the aft end of the nacelle was pitched down until it no

longer protruded through the upper surface of the wing, giving a 0.65 drag count reduction.

Finally, the results of both studies were used to define a configuration that reduced drag by
a total of 1.10 counts.
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Objectives

I Nacelle/Diverter Design and Airframe Integration Task
I

(WBS 4.3.1.3)

Assessment of Nacelle Integration (WBS 4.3,1.3.1)
Nizcelle Orientation
• Perform a Parametric, Viscous CFD Analysis

• Provide Guidance for Determining Minimum Drag and Minimum Inlet
Distortion Configuration

• Use Nacelle Toe-in, Installation Pitch Angle and Diverter Height as
Variable Parameters

Nacelle/Diverter Integration (WBS 4.3.1,3.3)
Diverter Shane
• Perform a Parametric, Viscous CFD Analysis
• Provide Guidance for Integration of Diverters, Nacelles and Wing for

2D Nozzle-Nacelles

• Use Diverter Shape and Wing T.E. to Nacelle Spacing (Pitch) as
Variables

• Verify OVI=RFLOW/GCNSfv agreement and Determine Boundary
Layer Grid Stretching Schemes to Obtain the Most Accurate AbsoluteNORT"_IROP GR_AI_

Drag Levels

In 1996 Boeing subcontracted Northrop Grumman Corporation (NGC) to contribute
to the Nacelle/Diverter Design and Airframe integration Task (WBS 4.3.1.3). NGC
assisted in the Assessment of Nacelle Integration (WBS 4.3.1.3.1) and Nacelle/Diverter

Integration (WBS 4.3.1.3.3) tasks by performing two studies: a Nacelle Orientation and
a Diverter Shape Study. Both studies were performed at the cruise condition.

The objective of the Nacelle Orientation study was to perform a parametric, viscous
CFD analysis to provide guidance for determining the minimnm aircraft drag and

minimum inlet distortion configurations. For this task, the orientation of the nacelle
was changed by varying the toe-in and pitch angles. Diverter height was also varied

by a vertical displacement of the nacelles.
The objective of the Diverter Shape study was to provide design criteria for the

diverter shape and wing trailing edge to nacelle spacing (varied by pitching the nacelle)
to minimize the installed, 2D nozzle/nacelle drag.

The initial phase of the Diverter Shape Study was to reconcile a viscous drag
discrepancy observed in the 1995 Ref. H Transonic Nozzle Boattail Drag Study. This
was done to verify that the NGC flow solver (GCNSfv) agrees with OVERFLOW and
to determine the drag effect of boundary layer grid stretching schemes.
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Generalized Compressible Navier-Stokes Code

• NASA Ames ARC Thin-Layer Navier-Stokes Algorithm
• Implicit, Node-Based Finite-Volume Scheme

• Multi-Block Structured Grids for Complex Geometries

• Class 1,2,3, & 4 Patched Block Interface Mappings
• Chimera Overlapping Grid Block Option

• Grid Sequencing & Multigrid Convergence Acceleration

• 2-Equation Menter's SST, Girimaji ARSM,

Spalart-AIImaras, & Baldwin-Barth Turbulence Models

• Extensive Boundary Condition Menu

NORI"IIR_)I P GRI, INNAN

The CFD code used was GCNS, developed by Northrop Grumman. It is based on the

A.ROD thin-layer Navier-Stokes algorithm created at NASA Ames. The convergence
method is an implicit, node-based finite-volume scheme. Complex geometries are
analyzed by using multi-block structured grids. The boundary conditions between
blocks can be specified as patched, class 1 through 4, where class 1 is point-to-point
matching, class 2 is incremental point-to-point matching, class 3 is arbitrary face
matching, and class 4 is arbitrary sub-face matching. A Chimera overlapping grid block
option is also available. To speed steady-state convergence, grid sequencing and
multigrid convergence schemes can be used. GCNS provides four turbulence models to

the user: the Menter's k-c0 SST 2-equation model (used in this study), the Girimaji
Algebraic Reynolds Stress model, the Spalart-Allmaras model, and the Baldwin-Barth

model. GCNSfv offers many boundary conditions, including propulsion specific
conditions such as characteristic inflow (mass flow ratio, corrected mass flow, and inlet
bleed) and outflow (total pressure and temperature) conditions. The code runs at

approximately 12 N/iteration/grid-point on the NAS Cray C-90, and parallelization
allows the code to utilize six of the available sixteen processors, allowing effective use
of the multi-task batch queue.
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Solver Comparison & Viscous Grid Stretching
Results- Ref. H
• GCNS & OVERFLOW Agree within 0.3% / 0.4 cts. CD

• Grid Stretching (Using GCNS)...

0.130

0.125

0.120

i i i I "_-t !

Notes:
M = 2.4, a = 4.4 deg.
Results do not include forces
on body aft of station2,904"
Turbulence models: Grid
1-Menter SSt, Grids 2,3,and

CL 0.115 ____ 4-Baldwinaarth....7 _ : _ _ ; Grid l data is correctedto
,000

.j_ 52 0.015 _ 0.0160 0.0"_168

 ,=oooo .stretchingat 4 cells const, then 4 cells const, then
surface minimalstretching significantstretching N

It was suspected that the viscous drag discrepancy observed in the 1995 Ref. H

Study was due to flow solver difference between OVERFLOW and GCNS. After

running the same grid in both solvers, the drag results were within 0.3% (0.4 drag

counts). The boundary layer grid stretching schemes were then investigated.

Four grid schemes were used to determine the stretching effects. Grid 1 was

taken from the 1995 Study at a flight Reynolds number of 40 million. The second,

third, and fourth grids shown were generated for a wind tunnel Reynolds number

of 7 million. Grid 2 was developed by Boeing.

Grid 4 stretched in a similar manner, and produced results similar to grid 1 after

the grid 1 results were corrected for Reynolds number differences. The small drag

discrepancy is likely due to the different turbulence model used. The grids with a

region of constant off-body spacing, grids 2 and 3, agree well with the test results.

This determined that the grid stretching near the wall should be minimal for the

first several off-body cells. It is important to note that stretching after the region

of constant cells could be increased without a significant change in drag results.
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Nacelle Orientation Variant Matrix

Variation

Baseline

PITCH

0

tangent
(.o.58"_

INBOARD NACELLE OUTBOARD NACELLE

HEIGHT PITCH TOE-IN HEIGHT

0 0 0

0 0

0

TOE-IN

2xVar 1

(,1.16"_

tangent
(,o.4o')
2xVar 1

(+o.so*)
0

3 0 0 +1.0 ° 0

4 0 0 -1.0 o 0

5 0 0 Min CD 0

00

0

8

0 0

0 0

0 0

0 0

0 0

-1.0 o 0

+1.0 ° 0

Min CD

Min CD
Inc_=fl,6_ are ;,o., the baseline geometry.
H is the inboard diverter height

Min CD 0

+0.25H 0 Min CD +0.25H
i

+0.50H 0 Min CD +0.50H
iNotes:

NORTI.IROP GRUHHAN

Before the study began, a variant matrix was developed to isolate the effects of

each reposition variable. This table shows the nacelle positions for the eight
variants generated.

The first two variations have the aft end of the nacelles pitched down. Each

nacelle on the first variation was pitched until the aft end of the nacelle no longer

penetrated the upper surface of the wing. At this point the nacelle upper surface

was tangent to the wing trailing edge. The second variant was pitched twice the

amount used for variant 1. The outboard toe-in angle was varied for

configurations 3 and 4. Variation 5 and 6 have the inboard nacelle toe-in angle

varied and the outboard nacelle toe-in fixed at the minimum drag position

determined by variant 3, 4, or baseline. Finally, the diverter height was

increased by dropping the nacelles down while using the optimum toe-in angle
for each nacelle.
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Coordinate System

Wing Trailing Ed:e-__

T.E./Diverter
Intersection

Inboard

Outboard
toe axi

Outboard
pitch axis

pitch

Y

/_A X
ircraft

System

rTranslation
axis (-z)

NORT_IROP GR41HHAN

An axis system was developed for each nacelle. The origin of each nacelle

axes system was located at the leading edge of the diverter where it intersects the

nacelle. Two rotational axes, pitch and toe (yaw), were used to define the

nacelle orientation.

The pitch axis direction was identical to the isolated nacelle "y" axis (the

nacelle axis before it is repositioned or "rigged" onto the wing). A pitch up

rotation was defined as pitching the front end of the nacelle up and aft end down.

The toe axis was used to yaw the nacelle. It was defined as a vector normal to

the plane created by three points: the coordinate system origin and the inboard

and outboard trailing edge/diverter intersection points. This maintained the aft

nacelle elevation at the trailing edge during changes in toe angle. The diverter

was rotated with the nacelle for the toe cases to maintain the centerline

relationship between the components. A positive toe rotation, toe-in, brings the

aft end of the nacelle away from the fuselage. The diverter height (at diverter

leading edge) was changed by translating the nacelle down in the z direction.
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Pitch Variants

Baseline

Pitch2x Tan ent ===_it._
NORT"_iROP GRUNNAN

/

The nacelles for the baseline TCA protrude through the upper wing surface

near the wing trailing edge. When the aft end of the nacelle was pitched down to

the "tangent to wing trailing edge" position, the nacelles no longer intersected

the upper wing surface. At twice this pitch mount, a fairing was required to

close the gap between the trailing edge and the nacelle. A ramp was created

which extended from the wing trailing edge to the nacelle upper surface.
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Grid Structure
• 15 Blocks
• 5.3 M Grid Points
• Row Through Nacelles
• Off-Body Spacing Const. 4 Cells

• Ay: y+<3

The grid consisted of 5.3 million grid points distributed over 15 blocks. Both

patched and Chimera (overset) grid methods were applied. Flow through

nacelles were modeled after the wind tunnel model.

At the body surface, an off-body spacing of 0.0005" was used. After post

processing the baseline TCA results, it was observed that the values of y* were

less than 3.0 everywhere on the wing surface. This should be adequate for the

turbulence model (Menter's SST). As previously mentioned, the off-body

stretching was near zero for the first 4 cells to ensure viscous force accuracy.

Each nacelle was defined by approximately 1.4 million points (2.8 million for

both nacelles) and consisted of 5 blocks. The naceUes were modeled to simulate

the wind tunnel model by incorporating a flow through duct, eliminating the

nozzle ramp, and excluding the inlet spike. The remaining 2.5 million points

were used to model the aircraft fuselage, collar, wing, wing tip and far field.
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Cp
O.50

0.4O

0.30

OJO

0.10

0.00

)

M=2.4

(_=3.0 °

h=56,500 ft

ReMAC=196X10 s

Menter's SST

Baseline Results J

CL = 83.56 cts.

CD = 117.00 cts.

A freestream Mach number of 2.4, angle of attack of 3.0 degrees, and flight

Reynolds number of 171.58 x 103/in (Re_tAC = 195.50 x 106) were used for all

runs. This Reynolds number was obtained from the full scale configuration at an

altitude of approximately 56,500 ft and a free stream temperature of 390.0°R.

The baseline TCA configuration was run at two additional angles of attack, 2.5

and 3.5 degrees. Forces obtained were referenced by the mean aerodynamic
chord (MAC) of 94.952 ft and wing reference area of 8,500 ft 2.

A lift coef:ficent of 83.56 counts and a drag coefficent of 117.00 counts was

calculated for the baseline configuration.
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Residual History

0.0

ACI_ < 0.1 cnt. / 50 iterations

ACDp < 0.001 cnt. / 50 iterations

-1.0 Coarse Grid _ Fine Grid--

-5.0
0 200 400 600 800 1000 1200

iterations

NAS Cray C-90

17 CPU hrs.Nariant
-300 CPU hrs. Total

1400
NORT_IIfOP 6R_HAN

All grids for this study were run in GCNSfv v3.6 for an identical number of

iterations. A sequenced grid method was used to reduce the computational time.

Eight hundred coarse grid iterations were initially performed. During the coarse

run, the exhaust blocks failed to converge due to the lack of points at this

sequence level. All blocks were at an adequate level of convergence after

running 600 fine grid iterations. After the fine grid iterations, the viscous drag

changed less than 0.1 counts per 50 iterations, and the pressure drag changed

less than 0.001 counts per 50 iterations. All variants in the nacelle orientation

study were run the same number of iterations. The total CPU time required for

convergence on the NAS Cray C-90 was approximately 17 CPU hours per

configuration. Approximately 300 CPU hours were used for both studies.
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Cross Flow vs. Nacelle Orientation
-Obtained from Baseline TCA Flow Field
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4

__ Inlet Inlet Ll_-'-'-" "pSpike
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1.5 2.0 2.5
_RT_'/ROP _RUHNAN

The predicted optimum orientation to obtain minimum inlet cross flow for the

inboard nacelle is 0.26 degrees toe-in and 1.76 degrees pitch-up. For the
outboard nacelle, the predicted optimum orientation to minimize crossflow is

1.24 degrees toe-in and 0.23 degrees pitch-up.

The cross flow was determined by moving a disk positioned at the spike tip

through the baseline TCA's flow field. It was not necessary to reposition the

nacelle grid and run the flow solver because the supersonic flow field upstream

of the nacelle is unaffected by the nacelle orientation. The cross flow (flow in

the plane of the disk) for the inboard and outboard nacelles was reduced by 87%

and 82%, respectively. Since the minimum cross flow configuration was not

modeled, it is uncertain what amount of drag penalty must be paid for this

minimum cross flow configuration. It is likely that the drag would increase by
more than 0.6 counts, based on the drag increase observed for the variants of this
study.
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C D vs. Nacelle Orientation
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The effect of each parameter on drag is shown in the above cross plots. Pitch

angles 76% of the variant 1 amount (i.e., 0.44 deg. inbd./0.31 deg. otbd.) are

predicted to reduce the drag by 0.16 counts from the baseline drag polar. The

outboard nacelle should be toed-out by 0.11 degrees to decrease drag an

additional 0.04 count. When the inboard nacelle is toed-out by at least 1.0

degree, a further drag reduction of 0.54 counts is predicted. The diverter height

phase of the study showed that any increase in diverter height increases the drag.

If we assume that the effects of pitch, toe, and diverter height are linear, then

the principal of superposition would suggest that the independent effects are

additive. Thus, a configuration that uses the minimum drag value of each

variable would be the minimum drag configuration, and reduce drag by 0.74
counts.

Note that the minimum drag configuration is not the configuration with
minimum cross flow.
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Reduced Drag Configuration
Variant 9 Baseline

Configuration

Cp
   iiiiiiiiiii  i!iiiiiiiiiiii

Pitch -> ACD =
Inbd. Nac. Toe-out -> ACD = 0.54 counts

Superposition-> ACD = 0.68 counts

CFD Model-> ACD = 0.66 counts

M=2.4, a--3.0 °, ReMAC=195.5X10 e, Tinf=390°R

To investigate if the nacelle variables were orthogonal (no cross coupling) with

additive effects, a variant 9 was modeled where both nacelles were pitched to the

"tangent to wing trailing edge" (0.58 degree inboard / 0.40 degree outboard)

position and the inboard nacelle was toed-out 1 degree. The diverter height for

both nacelles was identical to baseline, as was the outboard nacelle toe angle.

From earlier configurations, the drag decreased by 0.14 counts due to pitch and

0.54 counts due to inboard nacelle toe-out. Based on superposition, a drag

decrease of 0.68 counts was predicted for the new geometry. CFD results

revealed that the variant 9 configuration decreased drag 0.66 counts. Thus, it

can be concluded that the superposition/additive method is valid for the range of

angle variations examined.

1084



Second NASA�Industry High Speed Research Configuration
Aerodynamic Workshop

Diverter Shape Variant Matrix

Variation Diverter Shape

Baseline Wide (TCA geometry)

Nacelle Pitch

0

1 Wide (TCA geometry) tangent at T.E.

2 Wide (TCA geometry) 2.0 x variant 1

10 Thin (Ref. H. geometry) 0

Thin (Ref. H. geometry)11

12 Thin (Ref. H. geometry)

13

14

Hybrid

Hybrid

Hybrid15

Notes: Increments are from the baseline geometry.

tangent at T.E.

2.0 x variant 1

0

tangent at T.E.

2.0 x variant 1

NORTHROP G/rUHNAIV

For the Diverter Shape Study, 8 variants were generated. Note that the

numbering sequence continues from the variants developed in the Nacelle

Orientation section of this report. Three diverter shapes were used in this study.
The wide diverter is 70.6 inches wide and is the baseline TCA diverter. It has a

leading edge angle of 22 degrees.
The thin diverter was based on the Ref. H diverter. At 32 inches wide with a

17 degree leading edge, it represents the minimum volume configuration,

bounded by structural requirements.

The hybrid diverter begins with a 17 degree leading edge, but expands to the

wide geometry at the trailing edge by following a parabolic curve.

The wing trailing edge to nacelle spacing was changed by pitching the nacelle

as in the Nacelle Orientation study. As previously discussed, The "tangent at

wing trailing edge" condition occurs when the nacelle is pitched until the aft end

no longer penetrates the upper surface of the wing.
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Geometry Development

41.tl_mmmem m ml-- \Nacelle Upper
Surface

View A-A
Aft, looking Fwd.
(rotated 90 deg)

Wide

Thin. _ \ Wing Lower Surface /

Hybrid---- x \\ Nacelle Intersection at

\ \ \ "tangent" position

Thin Diverter Wing Lower \ \ \ __ , /

Boundary.... _urface_._...S_\_l/'_-" / /

I
Fairing

Wide Diverter
Boundary

Hybrid Diverter
Boundary

_RT"I.IR_P! P (;R411*fl4AN

A plan view shows the diverter geometry for the condition where the nacelle is

pitched tangent to the wing trailing edge. For the thin diverter geometry, the

nacelles intersected the wing lower surface near the trailing edge outside the

diverter bounds. In many cases, the resulting geometry had a thin "V"-channel

created where the nacelle upper surface and wing lower surface met at sharp

angles. This channel was removed by creating a small fairing, less than 1 inch

tall, which spanned from the wing lower surface to the nacelle.

The hybrid diverter concept arose from observing the flow near the thin

diverter fairing. Specifically, there were regions of high viscous stress where

the fairing met the thin diverter. These regions were eliminated by constructing

the hybrid diverter.
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Diverter Shape Results

0.3

............!i

............. i ............

M=2.4, a=3.0 °, ReMAC=195.5xl 0s, Tin_t-390°R

__L oWideDiverter ].............................

[]Thin Diverter ......................H ....

.....................................!.........................!...........

: I

tan, lent 2x tangent

Relative Pitch Amount
_OR77.1_OP GR_IN

The thin diverter did not improve from its wide diverter equivalent until the

nacelle was pitched to the "2x tangent" position. At this pitch angle, the thin
diverter was more beneficial than the wide diverter because the inboard diverter

becomes a true pylon, supporting the nacelle completely off of the wing, and the

flow does not "pinch-off' between the wing and nacelle. For this configuration,

the drag decreased by 0.11 counts from the baseline wide diverter at the "0x

tangent" position. Note that the drag is 0.36 counts lower than the "2x tangent"

position wide diverter.

The hybrid diverter performed best at reducing drag. It decreased the drag by
0.40 counts from the baseline TCA configuration. At the "lx tangent" pitch, the

drag was reduced by 0.65 counts. Recall from the nacelle orientation study that

the wide diverter only decreased drag by 0.14 counts for the "lx tangent" pitch.

1087



Aerodynamic Workshop

Combined Results

Nacelle Orientation / Diverter Shape

Second NASA�Industry High Speed Research Configuration
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It was decided to use the best diverter shape found in the diverter shape study
and combine it with the best nacelle orientation observed in the nacelle

orientation study. It was predicted that the new geometry would combine the

drag benefit of 0.66 counts from the nacelle orientation with the 0.40 counts

from the hybrid diverter. This would provide a 1.06 count reduction in drag.

When the combined geometry (variation 16) was run, the result was a drag

reduction from the baseline drag polar of 1.10 counts.
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Nacelle Orientation: Conclusions

• Minimum Cross Flow Configuration - Determined
Inboard Nacelle: Primarily Pitch Up

Outboard Nacelle: Primarily Toe-in

• Minimum Drag Configuration - Determined
Pitch Change - decreased drag 0.14 counts

Outboard Nacelle Toe Change - no significant change

Inboard Nacelle Toe Change - dec. drag 0.54 counts

Diverter Height Increase - increased drag

• Method of Isolated Variable Effects - Validated
ACD(pitch ) + ACD(toe ) _ ACD(pitch & toe)

NORTHROP GRI, llVNAN

/

The nacelle shape study determined the minimum drag and minimum inlet

distortion configurations for the TCA geometry. The minimum cross flow

configuration was obtained by primarily two adjustments: an inboard nacelle

pitch-up and an outboard nacelle toe-in.
The minimum drag configuration can be achieved by pitching both nacelles up

and a toe out adjustment of the inboard nacelle. This will reduce the drag by

approximately 0.7 counts.
Separate pitch and inboard toe variations both reduced drag. When a

configuration was modeled that contained both the pitch and inboard toe change,

the resulting drag decrease was nearly identical to the sum of the separate drag

reductions. Thus, the isolated effects of each variable can be considered additive

for small variable increments. Future studies could use this approach provided

the magnitude of the changes were similar to those used in this study.
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Diverter Shape: Conclusions

• Effect of Diverter Shape on Drag

-Thin With "Pinched" Flow (0x and lx tangent):
increased from baseline equivalents

-Thin Without "Pinched" Flow at Inbd. Nacelle (2x tangent):

0.36 cnt. reduction from wide equivalent

-Hybrid:

0.40 to 0.56 cnt. reduction from wide diverter equivalents

• Effect of Nacelle to Wing Trailing Edge Spacing on Drag

-Best Position for Wide and Hybrid Diverters: Tangent
0.14 cnt. reduction for wide diverter from baseline polar

0.65 cnt. reduction for hybrid diverter from baseline polar

-Best Position for Thin Diverter: 2x Tangent
0.11 cnt. reduction from baseline polar

Combined Studies: Conclusion

Decreased Drag By 1.10 counts NORTI'IR# 61tl, ll_l, blN

f

This study showed that the thin diverter configuration had higher drag than the

wide diverter configuration when the flow in the diverter channel was pinched

off. When the aft end of the nacelle was pitched enough to eliminate the

pinch-off, the thin diverter reduced the drag by 0.36 counts from a wide diverter

at the same pitch angle. The hybrid diverter proved to be the diverter that

resulted in the least drag, providing a reduction of 0.40 to 0.56 counts from the

wide diverter cases.

The best pitch angle observed for the wide and hybrid diverters was the "lx

tangent" value. At this position, the wide diverter reduced the drag by 0.14

counts and the hybrid by 0.65 counts. The best pitch angle observed for the thin

diverter was at twice this pitch angle. The resulting drag reduction was 0.11

counts from the baseline drag polar.

When the hybrid diverter was modeled with the best observed nacelle pitch and

toe angles from the Nacelle Orientation and Diverter Shape studies, the new

configuration reduced the drag by 1.10 counts from the baseline TCA..
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Recommendations for Future Work

• Investigate the Drag Effects of Inlet Spike with Optimum Nacelle
Orientation and Diverter Shape

• Evaluate the Drag Effects of Inlet Spillage and Inlet Bleed Flows.

NORTHROP GRU._HAN

This study made use of a flow through nacelle without an inlet spike. The

effect of the spike on drag after the nacelle orientation and diverter shape have

been optimized should be investigated.
Likewise, the drag effects of inlet spillage and bleed extraction/exhaust should

be evaluated for design and off-design conditions.
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Iso-Cp Contours

M = 0.82, C L = 0.30
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Business Jet Configuration Configuration. Drag Minimization at Fixed Lift.
M = 0.82, CL = 0.3

90 Hicks-Henne variables. Spar Constraints Active.
- --, Initial Pressures

--, Pressures After 5 Design Cycles.
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Design Point 3, M = 0.83, Cz. = 0.25
90 Hicks-Henne variables. Spar Constraints Active.

- --, Initial Pressures
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Business Jet Configuration. Multipoint Drag Minimization at Fixed Lift.
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Business Jet Configuration. Multipoint Drag Minimization at Fixed Lift.
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90 Hicks-Henno variables. Spar Consb'aints Active.
- - -, Pressures for Design Test Case 1.
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Supersonic Transport Configuration

Iso-Cp Contours

1M = 2.2, CL_ 0.105

Upper Surface Lower Surface

Baseline Optimized Baseline Optimized
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AN ANALYSIS OF CFD AND FLAT PLATE PREDICTIONS OF
FRICTION DRAG FOR THE TCA W/B @ SUPERSONIC CRUISF

Scott L. Lawrence

•NASA Ames Research Center

Moffett Field, California

- MOTIVATION/INTRODUCTION

-ANALYSIS

- FLAT PLATE

-WING

-FUSELAGE

•ODDS AND ENDS

• SUMMARY/CONCLUSIONS

1997 High Speed Research Aerodynamic Performance Workshop

NASA Langley Research Center

February 25-28, 1997

This paper presents resultsof a studywhichattemptedto providesome understandingof the
relationshipbetweenskinfrictiondrag estimatesproducedby fiat platemethods and those produced
by Navier-Stokescomputations.A briefintroduction is followedby analysis,includinga flat plategrid
study,analysisof the wingflow,an analysisof the fuselageflow.Otherresultsof interest are then
presented,includingturbulencemodel sensitivities, and brief analysisof otherconfigurations.
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SUMMARY OF TCA COMPONENT SKIN FRICTION DRAGS

Wind Tunnel Conditions: Re = 4 x 106/ft, 1.675% scale model

Integrated Skin Friction Drags
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OBJECTIVES:

-UNDERSTAND WHY N-S METHODS TEND TO UNDERPREDICT FLAT

PLATE Coy ON THE WING

-DETERMINE IF THERE IS A "BEST" FLAT PLATE METHOD(OLOGY)

_'awrence-HSWl_A - 3 of 55 Applied Cctrnputattonal; Aerodynamics Branch J

This study was primarily motivated by two existing situations: 1) the substantial variation in flat plate

predictions produced by the various organizations involved in the optimization effort, and 2) the
substantial variation between typical Navier-Stokes predictions for friction drag and flat plate

predictions.

This figure illustrates both of these issues. Friction drag is plotted for six different prediction methods,
broken down by component. The flat plate methods were applied consistently within the NASA Ames

friction drag code developed by Hicks, and may not represent the identical method of application used

by the associated organizations. Friction drag is computed for the fuselage with a single evaluation of

average skin friction for the Reynolds number based on the length of the vehicle. The wing is broken
spanwise into strips and average skin friction is evaluated on each strip using the Reynolds number

based on the local chord length. The flat plate wing and fuselage drag estimates have been adjusted

so that the associated areas agree with the areas as demarcated in the CFD grid.

A four drag count discrepancy is observed between the highest (van Driest II) and lowest (Prandtl) flat
plate predictions for the wing/body total friction drag. On a percentage basis, the discrepancy is

greater on the fuselage than on the wing. This is caused by the failure of the Prandtl method at higher

Reynolds numbers as will be seen in a subsequent figure.

Results of th8 parabolized Navier-Stokes code UPS and the OVERFLOW Navier-Stokes code are
observed to fall within the spread of flat plate methods for the fuselage, but are 2-5 counts below the

flat plate results on the wing. The main objective of this study was to understand this discrepancy. A

secondary objective was to shed light on the spread in flat plate predictions and obtain information
which might lead toward flat plate method standardization.
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APPROACH

• IDENTIFY FLAT PLATE METHOD THAT AGREES WITH GRID-

INDEPENDENT CFD SOLUTIONS ONA FLATPLATE

-TURBULENT INCOMPRESSIBLE FORMULAS

-COMPRESSIBILITY CORRECTIONS

-FLAT PLATE GRID STUDY

• APPLY THE CFD-COMPATIBLE FLAT PLATE FORMULA TO THE TCA
WING/BODY

-LINE INTEGRAL

-SURFACE INTEGRAL

• ATTEMPT TO ACCOUNT FOR DIFFERENCES BY QUANTIFYING

VARIOUS NON-FLAT-PLATE PHYSICAL EFFECTS

-WING

-FUSELAGE

_awrence-HSWr-;A - 5 of 55
Applied Computational; Aerodynarntcs Branch J

Results of the UPS parabolized Navier-Stokes code were the focus of the present analysis because of
the author's familiarity with the code. Similar analysis can obviously be applied to any N-S solution.

The first step in the analysis was to try to remove what might be called bias, i.e., differences in

computed and flat plate skin friction on a case for which the flat plate assumptions are valid. A wealth
of flat plate methods are available from the various incompressible formula/compressibility correction
permutations. A method was sought that would provide the best agreement with UPS-generated skin
friction coefficients for Reynolds numbers ranging from wind tunnel conditions to flight conditions. A
grid study was performed so that the comparisons would be performed on grid-independent solutions.

The UPS-compatible method could then be applied to the TCA6 wing/body using both the line-
integration method described earlier as well as by surface integration of the local skin friction
coefficients. The latter method allowed for point-to-point comparison with UPS results.

Finally, use of the surface integration approach allowed for some modification of the flat plate method
to include some non-flat-plate effects, and this allowed these effects to be quantified to some extent.
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TURBULENT FLAT PLATE FORMULAS

INCOMPRESSIBLE FORMULAS:

Method

Prandtl

Prandtl-

Schlichfing

Karman-

Schoenherr

White

Sivells-Payne

NOTES:

Local Skin Friction

C'/ = O.058/Re_ °'_

C_f = 0.39/(1o8Re=) TM

Average Skin Friction

C_F--"O'O'74/Rex0"2

CiF = 0.455/(logRex) 2"55

1 = 4.151os<C':Re,,)*1.7 ----1 = 4.moB(titRe,)

C//= 0.455/(hl(O.O6Rez,)) 2 CF - 0.523/(]n(O._Re=)) 2 ?

_/ = O.0881og(Rez1233.7)/(log(ReJ31.62)) 3 C_F = O.088/(log(Re,/31.62)) 2

-KARMAN-SCHOENHERR IS THE ONLY ITERATIVE APPROACH

-THE WHITE CF FORMULA DOES NOT APPEAR TO BE CONSISTENT

WITH THE Cf FORMULA

Compressible fiat plate formulas tend to consist of an incompressible formula that is stretched and
scaled with compressibility effects. The incompressible formula, to a large extent, provides the basic
shape if the skin friction distribution. Some of more well known of the incompressible formulas are
shown in this figure, along with a method which may not be as well known (Sivells-Payne) but which
will be relevant to this study. Each method for local skin friction, Cf, can be integrated from the leading

edge of the plate to x to provide a function for the average skin friction, C F

The Sommer-Short and van Driest II compressibility corrections are typically, though not necessarily,
associated with the Karman-Schoenherr incompressible formula, the only formula requiring iteration.
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COMPARISON OF INCOMPRESSIBLE FORMULA_

Variationfrom Karman-Schoenherl-
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The incompressible formulas described on the previous page are plotted on the left in terms of local
skin fdction coefficient. On the right, the formulas are compared with the Karman-Schoenherr formula
in terms of a percentage variation. Not surprisingly, the formulas compare fairly well in the _Nind
tunnel" Reynolds number range. The White formula is higher than the others for all Reynolds numbers.
The other most notable feature of these plots is the deterioration of the Prandtl formula at high Re.
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COMPRESSIBLE FLAT PLATE FORMULAS

Cf(Rex) = C_(FxRex) AND CCF(Rex)= 1 i
c

SOME RELEVANT APPROACHES (FOR ADIABATIC WALLS):

Method

Nicolai

Sommcr-Shon

Spalding-Chi

Van Driest II

Whito-Christoff

F x

p.(T,)

g(FcT,,). F_

(Tw/T,) °'t_

F c

p.(T,)

_.(T,,). F_

Iz(T,)

g(T,,).

F c

( 1 + 0.14.4M,2) °'65

1 + 0.1157M, 2

_ 11of 55

T,J T , - 1

• fT.,iT, - 1-_2
asm__T.r.J

TwiT e - 1

• (TwiT ,- 1_2

t TwiT.J

T_,I T c - 1

• (TWIT, - 1-_2

_ --Y-YT-t T.T.J

CompmaaotW;_ Br_c_

As stated previously, compressible skin friction formulas are generally obtained through modification of
an incompressible formula. The incompressible formula can be said to be stretched (evaluated at a
scaled-down Reynolds number) and scaled according to functions of the edge Mach number and wall
temperature mUo. These functions are shown in this figure for some of the more well-known
compressibility corrections. The formulas shown here have been simplified by assuming an adiabatic
wall.

The method given in Nicolai (Fundamentals of Aircraft Design) is applied to the Prandtl incompressible
formula to obtain the results ascribed to NASA Ames.
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FLAT PLATE GRID STUDY - WIND TUNNEl
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Two fairly extensive gdd studies were performed to insure that a reasonably grid independent solutions
were used to choose a flat plate method. The first was performed for moderate Reynolds number and
the second for high Reynolds number. The wind tunnel study is shown here.

Solutions were obtained on 16 different grids using both the Baldwin-Lomax and Spalart-AIImaras
turbulence models. Four families of grids distinguished by the wall-normal stretching function used

were studied, with four levels of refinement within each. Then within each family, starting with a grid of

400 total points and a value of y+ at the wall of 0.25, the wall spacing was doubled at each level of

refinement and the number of points was cut in half. OVERFLOW solutions were also computed on
three grids using both central-differencing and upwinding for the inviscid fluxes.

Skin friction coefficients computed at a Reynolds number of 10 million are plotted in terms of percent
variation from the fiat plate method of Sivells-Payne/Spalding-Chi (SP/SC), against four mesh

characteristics: 1) wall-spacing in terms of y+, 2) spacing at the boundary-layer edge in terms of at y+,
3) maximum stretching within the boundary layer, and 4) the average grid spacing within the boundary
layer in terms of boundary-layer thickness.

Some interesting trends are evident. First, the results tend to asymptote from above the grid-
independent solution. Second, the S-A model generates consistently higher skin friction (3-4%) than
the B-L model, at this Reynolds number. Third, OVERFLOW results tend to fall approximately 1%
below UPS results for each turbulence model. Finally, the UPS skin friction predictions appear to
increase quadratically with the average grid spacing in the boundary layer. This may be a function of
the inviscid algorithm because the OVERFLOW upwind results (higher) show a similar behavior,
whereas OVERFLOW central-differencing results (lower) appear somewhat less sensitive.
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FLAT PLATE GRID STUDY- FLIGHT
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The equivalent study at a flight-like Reynolds number is shown here. A similar trend with average grid
spacing is observed here to a greater extent. Note that the skin friction coefficient is virtually
converged with 200 points in the boundary layer.
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f- COMPARISON WITH EXPERIMENT
EXPERIMENT
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m _esn_xt _ J. andInowo.,U. AnEvxluxtionofThanrkmforPredictingTurbldantSkinFrictionandHell TransferonRat
at upenmm¢ and Hypenmfli¢ Math Numbers," AIAA J. Vol. g, No. 6, June 1971.

Experimentel results as compiled by Hopkins and Inouye are plotted on the left in generalized form,
i.e., unstmtched and unscaled using three different compressibility approaches into incompressible
curves. The Karman-Schoenherr formula is plotted for comparison. The data consist of adiabatic fiat
plate results for freestream Mach numbers ranging from 1.5 to 5.8 with the bulk taken between Mach
1.5 and 2.5. UPS results for 400 point grids with the Baldwin-Lomax turbulence model are plotted in a
similar generalized form, but are plotted against Rex rather than Ree.

Despite the different abscissa units, similar trends are observed in the experimental and computed
data. For example, both sets show good agreement with Sommer-Short at moderate Reynolds
numbers and good agreement with van Driest II at high and low Reynolds numbers. That is, both the
computed and measured data indicate somewhat higher curvature than the Karman-Schoanherr
formula produces. The experimental data appeam to exhibit slightly more curvature than the CFD
results, though it should be noted that the data at the lowest Reynolds number was taken at Mach 5.8.
Recognizing that the Spelart-AIImams model produces 3-4% higher skin friction, the scatter in the
data (10% spread) makes it difficult to choose a turbulence model based on accuracy on a fiat plate.
Other problems experienced with Spalart-AIImaras, to be discussed later, led to the decision to focus
on the Baldwin-Lomax results.
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CHOOSING A FLAT PLATE FORMULA

Generalized Skin Friction (Mach 2.4)

o---o UPS: Sommef-Short (HI.Re

.... Prandfl - 1/Tth Power _ UPS: Spaldtng-Chi (Hi-Re)

- - Prandt1-SchtichrJng _ UPS: Van Driest It (Hi-Re)

--- Stvells-Payne e--..-.e UPS: Sommer-Short (Lo-Re)
.... White _ UPS: Spalding-Chi (Lo-Re)

UPS: Van Driest II (Lo-Rs)

15 ........ r ........ I ........ = ........ i ............ i ........ i ........ p ........ i , ,

Spalart-AIImaras Baldwin-Lomax

10 J _, ]

s ' !l

IN ' "'-.. .... ...--''

• COMPATIBLE PAIRS:

Lawrence-HsFI/CA - 19 Of 55

FxRex FxRex

(UPSBL: SP/SC), (UPSsA: White/SC),

(OFsL : SP/SS), and (OFsA : SP/VD)

Applied Computational,- Aerodynamics Branch -_

Given a grid-converged solution at both wind tunnel and flight Reynolds numbers, the next step is to
obtain a flat plate method that gives satisfactory agreement for a wide range of Reynolds numbers.
These figures show computed skin friction coefficients in generalized form, as on the previous page,
but plotted in terms of a percent variation from Karman-Schoenherr.

The curvature observed on the previous page is accentuated here, and for corrected Reynolds number

greater than 106, the computed results using Baldwin-Lomax all (including OVERFLOW results, shown
in red) exhibit a common slope• Similar behavior is exhibited by the Spalart-AIImaras model. The slope
in the B-L results at moderate to high Reynolds number agrees fairly well with that of the Sivells-Payne
formula. The different compressibility corrections appear mainly to shift the curves by different
amounts.

Finally, it can be seen that the UPS-BL results, corrected using the Spalding-Chi compressibility

formula, agree with the Sivells-Payne incompressible formula to within 2% for Re > 105, and to within

1% for 5x10 6 < Re < 108. Thus, the SP/SC flat plate approach was used for the remainder of the study•

The best flat plate method for the S-A model appears to be Spalding-Chi applied to the White
incompressible formula. For the OVERFLOW results: using B-L, Sivells-Payne with Sommer-Short
compressibility, and using S-A, Sivells-Payne with van Driest II compressibility.
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INTEGRATED COMPONENT FRICTION DRAGS

Including UPSeL-Compatible Method (Sivells-Payne/Spalding Chi)

°°°s I --_ _ i
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Applied Computational:Aerodynam,_s Branch -_awrence-H_WCA - Z1 ot 55

This figure shows the bar chart of Figure 2, with results of the Sivells-Payne/Spalding-Chi average skin
friction formula included. It is observed to fall approximately halfway between the van Driest II and the
Somrner-Short results for both the wing and fuselage.

The UPS results were computed on a four zone, axially patched mesh with a constant wall-normal
spacing of 0.01 inches, airplane scale. This spacing yields y+ values at the wall of less than 0.5 over

the fuselage and wing acreage and less than 3 over virtually all the surface. The average number of
wall-normal points in the boundary layer is between 45 and 70 for the four zones. The total number of
wall-normal points used was 120.

The Baldwin-Lomax results are less than a half count lower than SP/SC on the fuselage, but are still
3.5 counts below flat plate on the wing.
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APPLYING THE FLAT PLATE FORMULA

Surface Integration vs. Line Integration

SJalaraLtmg 

= ! cI(I)ds' 

*CFD _

Cf _-I ' LW

SURFACE INTEGRATIONALLOWS INCLUSION Of]
GEOMETRIC INFLUENCE /

I
x.xt r I

I
_rtce-I-_P,l_A - Z30_ bb

IJneJ. wJl

CD_ = 2!CF(Xte - Xle ) X (Xte - Xte)dC

C _ oFLAT PLATE

LINE INTEGRATIONASSUMES A
FLAT PLATE

The method in which the fiat plate formula is applied can significantly affect the resulting fiat plate
friction drag estimate. Two alternative methods are shown schematically in this figure. The line-
integration approach shown on the right has been used to generate the fiat plate estimates shown in
the previous bar charts. As described earlier, this method uses a line integration of the average skin
friction coefficients along the trailing edge for the wing estimate, and a single evaluation of the average
skin fdction at the aft end of the body for the fuselage estimate. The areas of the spanwise wing strips
are computed using the strip's average arc length. A similar approach is taken on the fuselage, before
subtracting the airfoil area of the innermost wing section.

With the surface integration method, the flat plate formula for local skin friction is used, along with a
function that defines the wing leading edge (Xleas a function of span location), to perform an

integration of local skin friction coefficient over the surface of the configuration. This is essentially the
same method as that used to evaluate friction drag from a CFD solution.

There is a difficulty with the flat plate formula integration that the CFD integration doesn't have,
however. Given a value of local skin friction coefficient on a surface element, it is not clear in which
direction the skin friction is acting, i.e., what fraction of the surface element area should be included.

The two simplest approaches are: total area (dStd = dS), and two-dimensional ( dSra = dSplan,

wing and dSta = dS r , fuselage). These methods produce significantly different results near the

wing leading edge, and the effect on integrated drag is significant as well. The first method is the most
like the line-integration approach on the wing. The second method essentially assumes a chordwise
flow direction. Although the assumption of chordwise flow is not accurate at the leading edge, it does

seem to be the logical choice when using x - xze as the characteristic length. There would appear to

be some cancellation of errors with this approach, as well. That is, the underestimation of the
component of the surface velocity in the drag direction (especially along the leading edge) is
compensated by an overestimation of the skin friction coefficient caused by assuming new boundary
layer is being formed at the leading edge.
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FLAT PLATE APPROXIMATIONS

FP 2
FLAT PLATE WALL SHEAR: Zwalt = ,._,oVCf(M_, Re**x)

APPROXIMATIONS:

-(W) EDGE CONDITIONS = FREESTREAM CONDITIONS

-(W) FLOW IS 2D, i.e., s(x,z) = x - Xle

-(W) NO STREAMWlSE PRESSURE GRADIENT

-(W/B) NO INTERFERENCE EFFECTS

-(B) NO BODY GROWTH IN THE AXIAL DIRECTION

-(B) NO SPANWiSE CURVATURE

-(w/B) ETC.

SOME POSSIBLE MODIFICATIONS TO FLAT PLATE WALL SHEAR:

MFPI V 2
- MFPh Xwalt = Pe eCf(M**,Re**Ax),

MFPII 2

- MFPIh "Cwatl = PeVeCf(Me ,ReeAx) '

MFPIII 2

- MFPllh "Cwan = [eVeCf(Me ' Rees),

AX = X - Xlo

AX=X-X_

s = surface streamline length

In addition to the ability to account for some geometric effects, the surface integration method allows
for the inclusion of local flow variations in the estimate of local wall shear.

The line-integration method forces the use of freestream quantities to evaluate compressibility effects
and to convert the skin friction coefficient into wall shear (the author attempted to include some angle-
of-attack effects by using oblique shock and PrandtI-Meyer theory, but the effects were found to be less
than 25% of the angle-of-attack sensitivity observed in CFD solutions). This simple formula comes at
the expense of neglecting: 1) the effects of local inviscid flow variations (edge conditions), 2) three-
dimensionality, 3) effects of streamwise pressure gradient, 4) interference effects, 5) effects of
increasing body cimumferance in the straamwise direction, 6) spanwise curvature effects, and
probably many others. The various effects are labeled above according to whether they are believed to
be more significant on the wing, on the body, or both. Although, spanwise curvature is associated with

the body here, there is a significant spenwise curvature effect on the TCA wing caused by the landing
gear box, as will be seen.

The first of these effects is believed to be the most significant. Fortunately, it is straightforward to
include edge conditions into the fiat plate formula for local skin friction. They can be included at two
levels: first, the local edge dynamic pressure can be used to convert the skin friction coefficient into
wall shear, and second, the local edge Mach number, Reynolds number, and temperature can be used
within the calculation of the skin friction coefficient itself.

A third effect was also investigated. The effect of three-dimensional surface streamlines was studied
by computing streamlines backward in time from the given location on the wing to where they
encounter the leading edge. The lengths of these streamlines were computed and compared with the

local x- Xle, and the skin friction coefficient adjusted accordingly. It is not practical to perform this

operation for each surface element, so spot checks at three axial locations were performed to obtain a
general feeling for the level of importance of this effect.
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INTEGRATED EFFECT OF MODIFICATIONS

>
O

o

TCA-6 WING

0.0040

i ,i _ i .= _ _ _ ...... iI

I

0.0035

0.0030

[ "

0.0025 i

0.0020 i

0.0015 /0.0010

1
0,0005

1
0.0000 r

4o.,13,.,'38.o38.1

I DRAG, COUNTS J_

I

I

J

O

0.0040

0.0035

0,0030

......

9.4 6.7 1.6[ 1.9 I --I

% ABOVEUPSBL

* - INCLUDES 2D GEOMETRICAL EFFECTS

wrence-HSH/CA - 27 Of 55
Apptied Computational; Aerodynamics Branch

The effects of some of the modifications discussed on the previous two pages are quantified in this bar
chart of the wing friction drag. The notation is as follows:

-FP/LI is Sivells-Payne/Spalding-Chi applied using line-integration

-FP/SI is Sivells-Payne/Spalding-Chi applied using 2D surface-integration

-MFPI is FP/SI scaled locally by q,dge/qoo

-MFPII is SP/SC(M edge, Reeage, T edge), scaled locally by qedge/qoo

-UPSBL is UPS with Baldwin-Lomax turbulence

Significant geometric effects are observed as exhibited by the one count difference between FP/LI and

FP/SI. This drop is almost entirely associated with the wing leading edge curvature.

Even more significant is the effect of boundary-layer-edge dynamic pressure, accounting for another

1.9 count reduction. The average dynamic pressure on the surface tends to be 5-10% below the

freestream value and has a surface distribution very similar to the pressure, though scaled by a
function of the ratio of edge to freestream Mach number. Thus, the upper surface tends to show lower

wall shear than the lower surface of the wing.

The effect of including the edge conditions in the evaluation of the local skin friction coefficient is small

compared with the dynamic pressure effect. Also, it is not clear to the author whether the use of local
edge conditions (virtually extending a flat plate at the local flow conditions to the leading edge)

provides a more physically realistic result than simply using freestream quantities.

On the right, the bar chart is scaled up, and figures are included indicating the percentage difference

between the associated flat plate estimate and the CFD result. Note, nearly 80% of the difference

between the original flat plate application and the CFD can be explained by geometric and inviscid flow
effects. Also note, these numbers do not correspond exactly to the results present earlier because a

slightly different line of demarcation was used to separate the wing and fuselage on the lower surface.
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To provide a qualitative idea of the potential effects of three-dimensional flow on the wing surface,
surface streamlines are plotted in this figure. The surface is colored by the normalized difference

between the UPS results and the flat plate result generated by MFPII (full use of edge conditions). The
color scale extends from -20% (blue) to +20% (white). A white contour line is shown for the value of
zero (UPS and MFPII give the same wall shear). Values are normalized by FP/SI. Three locations are

indicated where the skin friction coefficients will be examined in more detail, including an attempt to
quantify three-dimensional streamline effects. Finally, a line plot is included that shows the axially
accumulated difference in skin friction drag on the upper and lower wing surfaces.

Streamlines on the lower surface indicate a fairly two-dimensional flow, with a slight outboard flow in
the forward part of the wing. Note that, due to the leading edge sweep, an outboard flow tends to

produce a streamline length somewhat larger than x - Xle while an inboard flow tends to produce a

streamline length less than x - Xle. Inboard flow is observed on the forward part of the upper surface.

Based on the streamline shown here, however, the effect of three-dimensionality would not appear to
be as significant as the inviscid effects previously discussed.

The colored surface indicates regions on the upper surface associated with the recompression shock
where the CFD results fall below flat plate and closer to the leading edge on the lower surface.

Regions where the viscous computations give higher shear than flat plate are observed on the upper
surface toward the inboard trailing edge, on the biconvex section, and near the leading edge just
inboard of the break. On the lower surface, there are regions of relatively high shear toward the trailing
edge and at the edge of the landing gear box. Some oscillatory behavior is seen in the UPS results

toward the trailing edge. This behavior is the result of variation in the wall-normal spacing generated
be the HYPGEN hyperbolic grid generator in response to streamwise clustering of the surface grid
around the wing-tip corner.

The line plot indicates that 0.4 counts of the friction drag difference lies on the upper surface, while 0.3
counts lies on the lower surface. The slight rise in both curves near the front of the wing is associated
with the fact that the flat plate result goes to zero at the leading edge due to the 2D assumption,
whereas the CFD results indicate a significant spanwise flow at the leading edge (especially inboard).
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The first location to be studied is at x=190(T, which is in the mid portion of the subsonic wing
section.UPS results for local skin friction coefficient are plotted in comparison with four editions of the
fiat plate local skin friction coefficients. The upper left figure shows the fiat plate method with no local
flow corrections, the upper right figure shows the MFPI result, the lower right shows the MFPII result,
and the lower left shows the MFPII corrected to account for local streamline length. Each figure has an
associated figure in red indicating the integrated difference at this x location between the CFD result
and the flat plate result.

The pure flat plate method is observed to provide good agreement with the CFD on the lower surface,
at this location, but significantly overpredicts the CFD on the upper surface, where the dynamic
pressure is significantly lower than freestream.The bump in the UPS results for the inboard lower
surface is associated with the landing gear box.

Scaling the flat plate skin friction coefficient by the normalized edge dynamic pressure, qedge/q=o,
provides surprisingly good agreement with the CFD results on both the upper and lower surfaces. The
flat plate results fall consistently lower than the CFD results and there is a slight dip observed in the
CFD results that is apparently not explained by dynamic pressure effects.

As was observed in the integrated friction drag values, very little effect is observed when local
conditions are used to evaluate the local skin frictions. A slight tendency is observed toward lower
values than MFPI on the upper surface and higher values on the lower surface.

Finally, adjusting for streamline length appears to have little effect on the average skin friction at this
location. Some improvement in the agreement with CFD is observed on the lower surface, but
agreement on the upper surface is worse.
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Similar results are shown downstream near the leading edge break.

Again, the pure fiat plate results tend toward the lower surface CFD skin friction. The MFPI results
agree better on the lower surface at this location, except toward the leading edge. On the upper
surface, an inflection is observed in the CFD skin friction which is present to a much lesser degree in
the flat plate result. Inboard the agreement between the theory and the computation appears to be
improving. Even less influence of edge Mach, etc., is observed at this location than at x=1900". At this
location, however, the integrated effect of using streamline length is significant. The influence is
primarily located near the lower surface leading edge, where the outboard flow was observed in the

streamline plot. The outboard flow, again, tends to increase the streamline length and, consequently,
the Reynolds number at which the skin friction function is evaluated.
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Finally, results are presented along a line which passes near the front of the wing tip. This was,

perhaps, an unfortunate location to study, since it includes results from within the oscillatory region of

the CFD solution. The computed skin friction data at this location appears to be slightly lower than that
slightly upstream and downstream, generally, as can be seen in the following figure.

Somewhat similar trends are observed as in the previous two figures. Again, the relatively low CFD
data indicated outboard of the break is believed to be anomalous to this axial station. Inboard results

show good agreement between the UPS results and all three modified flat plate theories.
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In this figure, the surface is again colored as in the streamline figure, but contours of surface Cp are
overplotted.

It appears possible to qualitatively correlate regions of relatively low CFD-predicted skin friction with
adverse pressure gradient regions, and regions of relatively high CFD-predicted skin friction with
favorable pressure gradient regions. The primary exception to this rule is the "hot spot" along the
landing gear box which is generated by the lateral convex curvature. The pressure gradient also
influences the surface streamlines in such a way as to compound its effect, i.e., favorable pressure
gradient near the leading edge pulls the streamlines inboard, and adverse pressure gradient near the
leading edge pushes the streamlines outboard.

The effects of pressure gradient on the local skin friction coefficient have not yet been quantified.
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Similar analysis was performed for the TCA fuselage flow field and the "bottom-line" results are shown

in this figure.

The trend for the flat plate modifications is similar to that observed for the wing. One may wonder,

however, about the relatively large difference between the line-integrated and surface-integrated
results, since there is no leading edge effect in the surface-integration of the fuselage. The reason for

the difference is the effect of the shrinking nose circumference. The surface integration effectively

produces a weighted average skin friction coefficient, with the high-locaI-Cf nose region weighted less

because of the lower circumference. Similarly on the wing, the surface integration weights the high-
IocaI-Cf leading edge less because the flow direction is not in the drag direction.

As on the wing, the average surface dynamic pressure is lower than freestream and the edge-modified
theories show a lower integrated friction drag than the freestream-based methods.

In the case of the fuselage, however, the CFD result is significantly higher than those of the modified

flat plate methods, falling close to the line-integrated result. The following figures will attempt to, at

least qualitatively, explain this trend.
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This plot shows the fuselage surface colored using the same normalized skin friction difference as
shown in previous figures focusing on the wing flow field. Here, the axial distance is compressed to
highlight the fuselage flow and the wing is cut out. The color scale here extends from -50% to +50%,
rather than the narrower scale used in the previous figures. Surface pressure contours are overplotted.
Also included is a plot of axially accumulated friction drag difference.

The line plot indicates that more than 90% of the difference between the modified flat plate and the
UPS friction drag estimates is contained on the forebody, upstream of the wing. At the point of
maximum fuselage radius, the curve sharply flattens.

Other "hot spots" on the fuselage are associated with the flow of wing boundary layer onto the
fuselage behind the wing shock. The wing shock provides an adverse pressure gradient lowering skin
friction and diverting flow away from the wing, and the aft wing expansion sweeps across the fuselage
creating a relatively high Cf region. The low speed flow from the wing boundary layer is observed,

superimposed on the fuselage. Finally, some colorful, and perhaps non-physical, effects are observed
on the aft fuselage. Although more pronounced in this figure than the forebody coloring, it should be
remembered that the normalization used here tends to accentuate differences at higher Reynolds
number. Thus, the relatively small effect on accumulated friction drag observed in the line plot.
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In an effort to understand the forebody flow field, an axisymmetric flow case was computed using the
axial radius distribution corresponding to the TCA fuselage. This is referred to as the flying fuselage
case. The radius distribution is plotted at the bottom. Skin friction computed by UPS is compared with
flat plate (MFPII) in the middle plot, and the percentage difference in axially accumulated friction drag
is plotted at the top.

Similar behavior is observed in this axisymmetric case as was seen in the 3D case - significantly
higher Cf on the portion of the body where the radius in increasing in the axial direction. This level of

excessive skin friction is consistent with that experienced in cone flow, where the growth of the body
produces a boundary layer that is thin relative to a flat plate or cylinder. White (Viscous Fluid Flow, 2nd
Ed) provides estimated bounds on the level of the effect of between 8.7% and 17.6% for turbulent flow.
At maximum radius, the integrated CFD friction drag is observed to be 8.65% higher than the flat plate
theory. This produces an overall increase for the body of 3.94%, which is in fairly good agreement with
the level of 4.3-4.7% observed in the wing/body case, considering the reduced fuselage area in the
wing/body case.
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In the category of odd and ends, this figure shows the difference in skin friction produced by the UPS
code using two different turbulence models: Baldwin-Lomax and Spalart-AIImaras. A black contour line

at zero is included to separate regions of higher B-L skin friction from those of higher S-A. Also shown
is a plot of the axially accumulated differences on the wing and fuselage.

As indicated by the flat plate study, the S-A model produces higher skin friction over most of the wing
and fuselage. However, there are a few regions where the B-L model produces higher Cf, most notably
near the wing leading edge. The S-A model was observed to produce a significant undershoot in Cf
near the leading edge, especially on the outboard section. Some hint of this behavior was experienced
in the flat plate case as well, where attempts to trip the boundary layer at arbitrarily low Reynolds
numbers failed. This effect is also evident in OVERFLOW solutions of the TCA wing/body and wing/
body/nacelle/diverter (low Cf rings are seen near the nacelle leading edges) to a somewhat greater
degree than in the UPS solutions, perhaps because of a coarser axial grid spacing than that used in
the UPS solutions. The integrated effect is observed in the wing/fuselage breakdowns shown in the

first two bar charts. Interestingly, at this Reynolds number, the leading edge effect almost exactly
cancels the tendency toward higher flat plate skin friction. At flight conditions, the leading edge
undershoot was not observed and S-A produced higher skin friction drag on both the wing and
fuselage.
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Finally, the analysis described here for the TCA was also applied to other cases. The integrated results
for the TCA wing at flight conditions, the 1-03 wing, the Ref. H wing, and the 7-04 wing are shown in
this bar chart.

The trends for the TCA wing at flight conditions and the 1-03 wing are very similar to the trends for the
TCA wing at tunnel conditions. At flight conditions, the MFPII friction drag is 2.3% higher than the UPS
result compared with 1.9% at tunnel conditions. Thus, the method appears relatively insensitive to
Reynolds number.

The results for the Ref. H and Ref. H-based bodies are somewhat different in that the UPS predicts
higher friction drag than the modified flat plate theories. A surface plot of skin friction differences
indicates the presence of chordwise flow features produced by the UPS simulations near the wing
fuselage junction. These features are reduced in intensity on the 7-04 configuration, but are not
removed. At present, it is not known whether these are physical flow features associated with the
higher leading edge sweep on the inboard Ref. H wing section, or whether they are numerical oddities
produced by the Baldwin-Lomax model.

1475



,---- NASA AmesResearchCenter

SUMMARY

FLAT PLATE STUDY

- S-A MODEL GIVES 3-4% HIGHER SKIN FRICTION THAN B-L

- UPS GIVES HIGHER SKIN FRICTION THAN OVERFLOW (1%)

QUADRATIC IMPROVEMENT WITH AVERAGE BOUNDARY-LAYER Ah

UPSBL COMPATIBLE FLAT PLATE METHOD

-SIVELLS-PAYNE INCOMPRESSIBLE FORMULA

-SPALDING-CHI COMPRESSIBILITY CORRECTIONS

DIFFERENCES BETWEEN UPS AND FLAT PLATE QUANTIFIED (WING):

-TOTAL DIFFERENCE = 35 ct

• LEADING EDGE GEOMETRIC EFFECT = 1 ct

• BOUNDARY-LAYER EDGE DYNAMIC PRESSURE = 18 ct

QUALITATIVE EXPLANATIONS FOR REMAINING VARIATIONS (WING AND BODY)

-PRESSURE GRADIENT EFFECTS AND CONVEX CURVATURE (WING)

-CONE FLOW AND INTERFERENCE EFFECTS (BODY)

TURBULENCE MODEL SENSITIVITIES OBSERVED

_--_-_._..-_Hm.W_ . _ ol _ _ Comp_a_,,mt: A_ Branch ._

A summary of the present study is provided in this chart.

A flat plate study was performed to understand the grid sensitivities of the Baldwin-Lomax and Spalart-
Alimaras turbulence models, and to obtain a true, grid-independent UPS solution to the fiat plate
problem at cruise Mach number.

The Sivells-Payne incompressible skin friction formula in conjunction with the Spalding-Chi
compressibility correction was found to give good agreement with the UPS B-L results over a wide
range of Reynolds numbers.

Geometric and inviscid flow effects were observed to account for approximately 80% of the difference
between the flat plate and CFDfriction drag estimates on the TCA wing.

The physical location of pressure gradients on the wing were observed to be correlated with the
location of the most noticeable local differences between the modified fiat plate theory and the CFD
results. On the body, effects of the increasing body radius over the upstream 30% of the body could
account for the elevated CFD prediction for fuselage friction drag.

The Spalart-AIImaras turbulence model tends to produce higher skin friction when in a fully turbulent
state, but tends to revert to laminar flow at low local Reynolds number.
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CONCLUSIONS

FLAT PLATE APPROXIMATIONS

-NO =BEST" METHOD

• SOMMER AND SHORT WORKS WELL FOR TUNNEL CONDITIONS

• VAN DRIEST II WORKS WELL AT FLIGHT CONDITIONS

• SIVELLS-PAYNE/SPALDING-CHI COMPARES WELL WITH CFD
FOR A WIDE RANGE OF RE

FLAT PLATE APPLICATION

-80% IMPROVEMENT IN FLAT PLATE PREDICTIONS CAN BE

OBTAINED USING SURFACE INTEGRATION WITH AN INVISCID SOLN

N-S SOLUTIONS NEEDED TO DETERMINE INFLUENCE OF:

-INTERFERENCE

-PRESSURE GRADIENT

-LATERAL CURVATURE

-FUSELAGE CONE-FLOW EFFECT

c_: A_oyrw_ anu_ .J

Some general conclusions are given here.

The study failed to determine a universally best flat plate method. Various methods work better for
different conditions. For comparison with CFD, it seems appropriate to choose a method which agrees
with a grid independent solution of the chosen N-S solver on a flat plate.

Flat plate method application appears to be as important as the particular method chosen. In
particular, surface integration using inviscid dynamic pressures produces much better agreement with
CFD than line integration. This would allow first-order friction drag sensitivities to be included within
the design process.

Second-order effects which still require Navier-Stokes analysis are listed.
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Use of CFD Results in the

Excrescence Drag Estimation

Sasan Yaghmaee

HSCT Aerodynamics

Boeing Commercial Airplane Group

Seattle, WA

1997 HSR Aerodynamic Performance Workshop

February 25-28, 1997

NASA Langley Research Center, Hampton, VA

A Navier-Stokes based method has been developed to assess the excrescence

drag contribution to the flight polar build-up process. A major step in the

method is the estimation of the local boundary layer thickness and edge

conditions from the calculated CFD solution. Initial application of the method

has been successful in identifying drag critical areas of the surface, where

deviations from the aerodynamically designed smooth sealed surface should be

avoided. The drag of a generic excrescence item is also presented. The

developed method can be used for accurate and timely assessment of

weight/drag trade-off's for manufacturing concepts. The detailed boundary

layer data extracted from the viscous Navier-Stokes solution can be a valuable

tool in understanding fluid dynamics.
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-------
HSR Technology Integration Airplane Design

Process Study

TI Task 20

Airplane Design Process

High Speed Drag

I
I

Linear Design/Analysis Code Comparisons I

(MDA) t

! 'A389/TEA80 [

WDES/AWAVE I
I

BRISTOW/HASS ]

1

t
1

"Flight Polar"
Build-up Process

(BCAG)

Benchmark WT Polars t

I
I Benchmark Data Corrections j

•_ Excrescence Methods & Assessment I

Assessment of PD Design Assumptions i

This presentation reports on the progress made in developing a methodology to

assess excrescence drag contributions to flight polar build-up process in the

Technology Integration (TI) task 20. The flight polar build-up sub-task was

assigned to Boeing Commercial Aircraft Group (BCAG).
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Definition of Excrescence Drag

The excrescence drag is

• defined as the sum of all deviations from an

aerodynamically smooth sealed external surface

• minimized by good manufacturing techniques and

design practices

• generally due to surface imperfections smaller than

local boundary layer thickness

• traditionally normalized by the total skin friction

drag of the airplane

Technically, excrescence drag is the additional drag on the airplane due to the
sum of all deviations from a smooth, sealed, aerodynamically designed external

surfaces. As defined, accurate manufacturing techniques can significantly

reduce the excrescence drag. Design can also reduce excrescence drag by

proper placement of non-aerodynamic surfaces.

The excrescence drag is generally due to surface imperfections that are much

smaller than the boundary layer thickness. The drag of an imperfection is often

represented as a function of the local skin friction. Thus, to correlate the data on

various airplanes, the excrescence drag is traditionally normalized by the total

skin friction of the aircraft.
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Sources of Excrescence Drag

• The excrescence drag arises from

• Discrete Items; antennas, masts, and lights

• Surface mismatch; uneven manufacturing joints

• Leakage and internal flow; gaps, holes, and seals

° Surface roughness and waviness; fasteners and

pressurization "pillowing"

• The first results from operational/certification requirements

• The last three result from structural/manufacturing trade-offs

The sources of excrescence drag can be grouped into four categories, drag of

discrete items, drag due to surface mismatch at manufacturing joints, drag of

surface roughness, and drag due to leakage. Of the four categories, the first

usually arises from operational/certification requirements, while the last three

result from manufacturing cost/weight/drag trade-offs.

Discrete items refer to antennas, masts, etc. that are exposed to the external

stream. The drag of the discrete items is determined by their size, shape,

location, and orientation on the airplane. A detailed knowledge of the external

flow during the design phase, can be used to optimize the placement of the item

and in some cases the shape of the protuberance.

Surface mismatch refers to the steps that occur at skin joints, around windows,

control surfaces, access panels, etc. A drag force is associated with a pressure

on a forward facing area and/or suction on a backward facing area.

The internal flow caused by leaks reduces the available useful energy and causes

additional drag force.

Surface roughness refers to the effects of distributed disruptions related to

fastener flushness and surface finish smoothness and waviness. The effect is

generally to increase the skin friction force caused by the air flowing over the

airplane surface.
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Cruise Excrescence Drag Trends

_'_

ypical Subsonic

.... "_..__:

US-S_T

I 1 I I i 2707-_00a

5 10 15 20 25 30

Airplane Wetted Surface
Area 1000 ft 2

The Excrescence contribution to total drag decreases with an increase in wetted

surface area for subsonic transports. The data suggests an excrescence level of

7% of skin friction for large transports. A detailed estimate of the excrescence

drag of the 1970 US-SST 2707-300 configuration led to a 6% level, which is

slightly better than today's subsonic transport trend.

The 2707 estimates already included some of the design details for low

excrescence that we currently assume in our "technology projection",

confu'ming that 7% is a reasonable excrescence level for a current technology

"status" airplane.
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Excrescence Drag Estimation

The excrescence drag of a protuberance is traditionally
defined as

CDst

Sref

qe

ql
m

CD = CDst (Ast/Sr,f) qdq_ m

Measured drag of isolated excrescence (Empirical)

Area used in CDst

Wing surface reference area

The equivalent q experienced by the protuberance

Local boundary layer edge velocity

Drag magnification factor correcting for the variation

of the local q from that of the free stream

The excrescence drag of a discrete protuberance is traditionally defined as, see
reference 1,

CD = CD (A/S f) qe/qlm

where CD is the empirical data on the drag of individual isolated
St

protuberances, and A is the area used in CD Tabulation. S _ is wing surface
St l'el; ,

reference area. The factor qa ql corrects for _e average dynamic head
experienced by excrescence on the surface when CD is measured for the

St

isolated excrescence exposed to a uniform stream. For many excrescence

geometries of interest the drag, CD , is measured in presence of fiat plate
turbulent boundary layer. "In this case the dynamic head correction is set to

unity. The factor m is known as the magnification factor, which corrects for the

variation of the local ch from that of the free stream.
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Equivalent q over an Excrescence

_ Local Edge q

q Surface Splice

The equivalent q is defined as the average dynamic head experienced by the

protuberance. Assuming a power law velocity profile and corresponding

temperature distribution for the compressible turbulent boundary layer, the
definition becomes

y]

- J 1 2"_--)
q, h 1 " (Y-l) nR2eY_z

where _, is the ratio of specific heats, 5 is the boundary layer thickness, h is the

height of the protuberance, M e is the local boundary layer edge Mach number, n

is the power law exponent, and r is the recovery factor.

The equivalent q is a function of the power law exponent n and rMe 2. The

exponent n is between 7 and I0 depending on the Reynolds number. For

typical HSCT flight Reynolds numbers of about 200 million the appropriate
value is 10.
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The Equivalent q

n=i0

M=2.4

0 2 4 6 8 10

h/8

The figure above shows the variation of effective dynamic head, qetqp with the

protuberance height, h/8. The value asymptotes to one as h/8 increases. The

assumptions that have gone into the above universal curve are based on the flat

plate turbulent boundary layer theory. This should approximate the local

boundary layer flow about the slender TCA geometry at low a lift level with

reasonable accuracy.

An alternative approach is to numerically integrate the product of calculated

CFD velocity squared and density profile at a surface location for a given
protuberance height. This method may be more accurate, however, it is

considerably more time consuming and is not suited for preliminary design
activities.
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The Magnification Factor

• Accounts for the pressure gradients from excrescence
location to the downstream far field

• Scales the effects of the excrescence on the subsequent

viscous flow on the surface

• Equals unity for flat plate flow

• For compressible flow is defined by

(l-u-_) 2( M ") (l+o:_M.'_ (_÷°''_) :M "_t__-°_='_)
m = "--=-" x -. _'-2"='T_..2 x "_Lt=,,: t=.l

I+ z (2:-°.3==) 0 o.2

×(-, 1+0.2mlJ C_=)

The magnification factor approximates the effects of the excrescence drag on the

subsequent development of the flow on the surface. More specifically, the drag

of the excrescence significantly effects the subsequent development of the

momentum thickness associated with the boundary layer on a surface that

experiences a non-uniform pressure field. Nash and Bradshaw (Ref. 2 )

developed an approximation for this effect for two dimensional incompressible

flow by representing the effect of excrescence by a sudden change in momentum

thickness. For compressible flow (Ref. 3) the approximation for the

magnification factor is

h('-u-_): 2"(2+°"='2) (M _("2-°'_='_)IM. x[_l_+0.2M-"/m --[ X ""L

:..... 2_(2-1-_Ju-_):0 V'2
xU+u.z_.I

Reference 4 compared the predictions based on the compressible form with

subsonic experimental data and concludes the for sub-critical conditions the

difference is within 10%. However, for supercritical conditions the comparison

significantly deteriorates due to the presence of shock waves. For transonic

flows, Reference 5, limits the validity of the approximation to shock free

conditions. The range of validity of the approximate form for supersonic flows

has not been established yet. However, it is expected that outside of the non-

linear transonic flow range, where small perturbations can have significant

effects on the inviscid pressure distributions, the approximation should be valid.

This assumption, however, needs to be verified.

1657



1Bmm

CFD-Based Estimation of B.L. Parameters

• Boeing Aerodynamics developed post-processor

• Uses TLNSMB calculated flow field

• Estimates boundary layer edge from vorticity profile

• Calculates detailed boundary layer data

- The local edge conditions; density, velocity

- The displacement and momentum thickness'

• Provides an alternative drag calculation method

• Improves understanding fluid dynamics

• The detailed data facilitates excrescence drag calculation

Boeing Aerodynamics Research has developed a program to post-process the

TLNSMB calculated flow field. The post-processor judges the boundary layer

edge based on the local vorticity profile and calculates detailed boundary layer

data. The data contains the local boundary layer edge conditions, such as

density and velocity vector, as well displacement and momentum thickness'.

The detailed data is used to provide an alternative drag calculation method to the

traditional force integration. A further benefit is improved understanding of the

flow field and increased confidence in the calculated drag.

The detailed data made available by the post-processor can be used in the

excrescence drag calculation.
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TLNSMB Calculated Surface Pressures

TCA Configuration at Supersonic Cruise

0.1

Upper

Lower

This plot shows the TLNSMB calculated contours of surface pressure for TCA

configuration at supersonic cruise Mach number of 2.4 and 3.5 ° angle of attack.

The salient features are the glancing shock on the inboard upper surface of the

wing, and the leading edge shock on both surfaces of the outboard wing.
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Estimated Boundary Layer Thickness from

TLNSMB Solution

Full Scale TCA Configuration at Supersonic Cruise

Upper

Lower

44 in.

33

22

11

This plot shows the contours of estimated boundary layer thickness for the TCA

configuration at supersonic cruise Mach of 2.4 and 3.5 ° angle of attack. The

calculations were made at wind tunnel Reynolds number of 6 miUion per mac

to flight Reynolds of number 200 million per mac. The dimensions are in inches

full scale. For comparison, a fiat plate of length of the mean aerodynamic

chord of 1140 in. would have an estimated boundary layer thickness of 15 in.

The boundary layer on the body crown is seen to be very thick. This is a

classical feature of conical fore-body flows at an angle of attack, where the

inviscid pressure differential pushes the retarded boundary viscous layer from
the keel to crown.
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The Estimated Magnification Factor

TCA Configuration at Cruise Condition

1.2

Upper

Lower

1.0

0.8

0.6

This plot shows the contours of estimated magnification factor for the TCA

configuration at supersonic cruise Mach of 2.4 and 3.5 ° angle of attack. The

magnification factor is seen to be close to unity for the most part. This results

from the slender TCA geometry being at low a lift level, that leads to small

deviations from a flat plate flow.
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Initial CFD-Based Excrescence Estimations

The method has been used to

• Identify excrescence critical regions;

Larger values of (m qJql)

• Establish the allowable "sand grain"

roughness height

• Estimate the drag of a generic excrescence;
A block of 0.1x6xl2 in.

The method has been used to identify excrescence critical regions, establish

allowable "sand grain" roughness height, and estimate the drag of a generic
excrescence.

The excrescence critical region is judged as the areas where the term "m qJch" is

large, since the term scales the isolated drag. The qJql component of the term

depends on the height of the excrescence, and a height of 0.1 in. was used in the
initial calculations.

This allowable height is the limit below which the surface would be classified as

hydraulically smooth. This height is of the order of laminar sub-layer and is

defined by

y+=hv*/v<5

where v* = (x/p) °-5, x is shear stress, and p is the density. All fluid properties
are evaluated at wail.

To validate the calculation, the drag of a 0.1 in. high block was estimated. The

block was 6 in. long and 12 in. wide. For the sake of excrescence drag

calculation, the block was represented by the sum of a forward-facing and an

aft-facing steps of 0.1" height. The experimental data on the isolated drag of

these geometries in supersonic flow are found in Ref.6.
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Assessment of Excrescence Critical Regions

TCA Configuration at Supersonic Cruise

High drag

Upper
!

Lower

Low drag

This plot shows the contours of the quantity (m qJql) the TCA configuration at

supersonic cruise Mach of 2.4 and 3.5 ° angle of attack for a generic excrescence

of 0.1 in. height. The higher levels of drag define the critical regions. The

outboard wing is identified as excrescence critical. On the upper surface of the

wing, the area upstream of the shock wave is also excrescence critical.

The low drag area near in the wing body juncture, especially near the leading

edge on the upper surface, should be viewed with suspicion, since the

assumption of excrescence estimation may be grossly violated. The juncture

flow is highly three dimensional. At the leading edge, the introduction of an

excrescence may effect the shock propagation and associated wave drag.
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The Allowable "Sand Grain" Roughness Height

Full Scale TCA Configuration at Supersonic Cruise

0.005 in.

Upper

Lower

0.003

0.001

This plot shows the contours of estimated allowable sand grain roughness height

for the TCA configuration at supersonic cruise Mach of 2.4 and 3.5 ° angle of

attack. The admissible roughness height is seen to about 0.003 in. outside the

leading edge. This is consistent with estimations based on flat plate turbulent

boundary layer flows ( at a distance of 600 in. admissible roughness is .004 in.).
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Drag Sensitivity to 0.1" High Block

TCA Configuration at Supersonic Cruise

Upper

Lower

0.005 counts

0.004

0.003

0.002

0.001

This plot shows the estimated the drag of a 0.1x6x12 in. block centered at a

location on the TCA configuration at supersonic cruise of Mach 2.4 and 3.5 °

angle of attack. This generic excrescence will add about a thousandth of a count

per foot in the non-critical region.
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Summary and Future Work

• Progress made

• Validated CDEx c value of 7% of C F as reasonable

• Developed a Navier-Stokes based excrescence drag

estimation process

- Identified the excrescence critical regions

- Estimated allowable "sand grain" roughness height

- Estimated the drag of a generic excrescence
• Future work

• Estimate drag due to surface skin waviness and

pressurization pillowing

• Utilize in weight and drag trade-offs

• Update of technology projections for excrescence drag

A Navier-Stokes based method has been developed to assess the excrescence

drag contribution to the flight polar build-up process. Initial application of the

method has been successful in identifying drag critical areas of the surface,

where deviations from the aerodynamically designed smooth sealed surface

should be avoided. The drag of a generic excrescence item is also presented.

There has been much progress on this sub-task, however, there are a few items

left to complete the study. The drag due to surface skin waviness and

pressurization pillowing will be estimated in the near future. The method will be

utilized in weight and drag trade-offs in evaluation of structural and

manufacturing concepts. As the drag of typical excrescence items are estimated,

an update on the technology projections for excrescence drag will be made.
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ABSTRACT

This paper presents an alternative method for the calculation of wind tunnel

model trip drag increments for application to the build-up of full scale airplane

flight polars. Under Technology Integration Task 20, a benchmark data set of

Reference H wind tunnel data was created for test-theory comparisons and

increments. Several corrections were applied to increase the fidelity of the

benchmark data, one of which was a correction for model trip disk drag.

A technique for the estimation of model trip drag is derived based on traditional

excrescence drag methods. The method relies on both the experimentally

determined drag coefficient of a cylinder and CFD estimations of the boundary

layer thickness and magnification factor. For the proper application to full scale

airplane predictions, a laminar flow correction is also derived and incorporated.

Validation of the proposed method is done by comparison to the Braslow variable

roughness size method using wind tunnel test data from both the NASA 2.7%

Reference H model and preliminary data from a recent 1.7% TCA test.

Agreement between experimental and excrescence methods is best at the baseline

trip height of both models, but diverge as trip height is increased. Possible

sources for the differences include: test data uncertainty, curve extrapolation, data

applicability, magnification factor estimate, and/or boundary layer characteristic
estimates. Recommendations are made for additional work to validate the

excrescence and other trip drag estimation methods at other test conditions and

suggestions are made for additional checks and assessments.
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Presentation Outline
m msm_k_lmlW

• Objective - Technology Integration Task 20

• Review of trip drag correction methodology

• Excrescence method description

• Sample results

• Conclusions

• Recommendations for future work

The content of this presentation is organized in the following manor. First a

description of the 1996 Technology Integration task under which the current

work was performed is reviewed. Next, a brief discussion of the current

experimental methods available for determining trip drag is covered, reviewing

the pro's and con's of each. The emphasis of the presentation is then devoted to

the review of excrescence methodology and its application to the problem of trip

drag. Each term in the excrescence equation is reviewed in detail and sample

results are presented. Based on the results of this exercise important conclusions

and insights are drawn from the data and possible sources of error are identified.

Finally, conclusions about the significant findings of the study are made and
recommendations for future work are identified.
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!TechnologyIntegration Airplane Design Process Study

mm .....

Airplane Design Process

I High Speed Drag I
I

I I

Linear Design/Analysis Code Comparisons Build-up Process

[ (MDA) (BCAG)

l A389/I'EA80 J Benchmark WT Polars

WDES/AWAVE [ I

BRISTOW/HABS I I Bonchm ark D'ta c°rrectj°ns I

Excrescence Methods & Assessment [

Assessment of PD Design Assumptions i

The FY 1996 Technology Integration Airplane Design Process Study (Task 20)

was composed of two separate sub-tasks. The first was a comparison of linear

design and analysis codes conducted by McDonnell Douglas Aerospace. For this

task, MDA compared the capabilities of the three major linear theory analysis

codes used by NASA, Boeing, and MDA. The process involved design of a

linearly optimized TCA and then a reanalysis and evaluation of the resulting

configuration in each of the three codes under consideration.

The second sub-task, conducted by Boeing Commercial Airplane Group, was a

detailed assessment and improvement of the prediction process of full scale flight

performance of the TCA. To calibrate these prediction methods, a single set of
corrected wind tunnel data was created to serve as a common "benchmark" for

calibration of prediction methods. Several corrections were made to the

benchmark data to account for wind tunnel to flight differences, one of the most

significant being a correction for model trip drag.

TCA wind tunnel data was not available until late in fiscal 1996, therefore the

benchmark data for this task is based on Reference H data taken between 1993

and 1995. ADP work at Boeing in FY97 will include updating Trs performance

polars for refined technology projections and TCA wind tunnel test data, as well

as improving the capability of predicting the drag of multi-surface control

concepts.
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Corrections to Benchmark Wind Tunnel Data

I _¢sSmW_ ,

Wind Tunnel DataCorrections:

• Model Forces

/ • Model Cavity Pressures

_ • Nacelle Base Pressures

• Nacelle Internal Forces
CL

- HData Mis_ingCorrections:

• Aeroelastics/Reynolds No.

• Model Fidelity
' • Model Trip Drag

cD • Leading Edge Laminar Flow

Before wind tunnel results can be applied to full scale flight performance

predictions, the benchmark data tables must be corrected for all significant wind

tunnel induced effects. This step is required because the limitations in either

analysis capability or testing capability (model fidelity, test flexibility, facility

Reynolds number capability, etc.) often introduce differences between the tested

model and the analyzed configuration. Force data from a test is corrected for

angle of attack, cavity and nacelle base pressures, and nacelle internal forces.

Corrections not applied to test data, but required for full scale airplane

performance predictions include:

• Model aeroelastics/Reynolds number

• Model fidelity and facility selection

• Effect of boundary layer tripping devices

To more accurately represent the flow experienced by the full scale vehicle at

flight Reynolds number, it is common practice in wind tunnel testing to

artificially transition the flow to fully turbulent using a boundary layer trip. In

recent years, the trend in testing has been to use transition disks made of epoxy

resin instead of the traditional "grit" composed of finely screened sand particles.

Trip disks are easier to apply, measure, and maintain and are more durable than

their grit predecessors. Their disadvantage is that they introduce a significant

drag increment into the data which to date has never been satisfactorily

quantified. The goal of this study is to quantify the trip drag of transition disks

using excrescence methods. A proper accounting for leading edge laminar flow is

also necessary to correctly evaluate trip drag.
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Trip Drag Correction Methods and Issues

• Variable roughness size CD l BaselineTdp,,,_ x

- Curve fit v -_- RN=C
- Applicable data range r
- Extrapolationrange Trip Ht.

" C/ _.._._ Tr_
Ac£?r..... ht.=c

R.
• Excrescence calculations

- Theoretical ____.- Cheap

Variable Reynolds no.
- Facilityselection
- Aeroelasticcorrections

- Extrapolationrange

To date, calculation of drag increments for transition disks on HSR models have

foUowed a methodology outlined by Braslow (Reference 1) known as the

variable roughness size method. This method is based on grit type trips and their

second order variation of drag based on the characteristic "area" of a grit (k2),

where k represents the height (or width) of the grit. Lines (Reference 2)

describes a method similar to Braslow's variable roughness size method except he

proposes a characteristic area (k), based on disk height. This linear variation in

drag with trip height was proposed to better represent disk type trips in transonic

flow which extend beyond the edge of the laminar boundary layer.

A second method proposed by Braslow known as the variable Reynolds number

method, offers an alternative method for the calculation of trip drag. This method

relies on extrapolation of data taken for a constant height trip over a large

Reynolds number range where the value for fully turbulent flow is known.

These experimental determinations of the trip disk drag increment lend insight

into the magnitude of the trip drag correction, but remain inconclusive because of

their inherent uncertainties. Uncertainties in the variable roughness method

include: which characteristic "area" is appropriate for a cylinder in supersonic

flow (hence, which order curve fit was most appropriate for the C o vs. roughness

height curves,) large extrapoladofi regions, and what range of heights are

appropriate to curve fit for accurate results. The variable Reynolds number

method is limited by facility, extrapolation range, and model loading.

Calculation of trip drag using excrescence methods is proposed as an alternative

to the experimental methods above without the aforementioned uncertainties.
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Excrescence Method - Trip Drag Application

Adis..____k

ACDtrip _--- CDd,.sk X Sref × m× K

CD_,

m

Ad.¢_

K

= Trip drag increment correction

= 3D cylinder on flat plate in supersonic flow (empirical)

= =Magnification factor" of turbulence due to

local Cp and boundary layer profile

= Total cylinder reference area/wing reference area

= corrects for differences between original experiment

and application (1 for experimentally derived Co,,, )

The generalized excrescence equation, discussed in Reference 3, can be rewritten

to represent the incremental drag caused by wind tunnel model trip disks in

transonic or supersonic flow and is presented above as ACornp. Cod_st is the drag
coefficient of a cylinder on a flat plate based on local q and total disk reference

area, Aa/sk. Sr,f is the model reference area and m is the drag magnification factor

due to the non-uniform pressure distribution effects on the boundary layer

downstream of the roughness dement.

The factor K, applied to CDa/sk , allows for the differences between the geometry

and orientation of the excrescence as originaUy tested in the wind tunnel and as

located on the wind tunnel model. If there axe no differences, then CDd_sk is truly

representative and K = 1. The original wind tunnel test experiment used to derive

the drag coefficient of a three dimensional cylinder appears to properly capture

dynamic pressure effects and should accounts for the shock off of the portion of

the cylinder which extend beyond the edge of the boundary layer into the

freestream. Therefore, for HSCT class wind tunnel models and the excrescence

method proposed for calculating Cod_k, the cylinder data is applicable and K is

assumed to equal 1.
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Approximation of the Magnification Factor (m)

_lmSm$_lammu

1.50 Upper Surface

0.50-0.80

0.50

Reference H
• RN=3M/ft
• Mach = 2.40

• Alpha = 4.40
• TLNS3D (Multi-block)

• Turbulent Boundary Layer

Presented above is CFD solution of the drag magnification factor for the

Reference H configuration at wind tunnel conditions. The viscous drag

magnification factor, m, for an excrescence in compressible flow is defined in
Reference 4 as

( M ] O-M') x[ f 1+0.2/14='2 |"(2_Ju-_) (M "_(4"2-'0"6M-2)
t?l = X ""L

r oxt -J
The subscripts L, TE, and oo indicate local, trailing edge, and free stream

conditions, respectively. This formula is a compressible flow adaptation of the

Nash and Bradshaw method (Reference 5) for prediction of magnification of

roughness drag by pressure gradients for incompressible flow. This parameter

can be easily calculated using local flow parameters from existing Euler or

Navier-Stokes computational solutions for the geometry under consideration.

TLNS3D (multi-block Navier-Stokes CFD code) was run to calculate the

turbulent flow magnification factor-for both the upper and lower surface of the

full scale Reference H configuration at wind tunnel Reynolds numbers. Typical

turbulent boundary layer magnification factors at the location of the trip disks

ranged from 0.50 to 0.80.
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Drag of a Cylinder in Supersonic Flow (¢D,_,)
m _4mm_lW

• Supersonic - Gaudet & Winter (1973)

CD. g,_ • Transonic - Pallister (1974)

I _ - Finitelengthcylinders- Turbulentboundarylayer

I _,\\_'_\\\_,'_\_"_ - Rat plate

_X._"_ WindTunnelWall"
- 2-D flow
_h

= 0-5-->2.0

The generalized equation for Coal, k presented above is based on the

measurements made by Gaudet and Winter (Reference 6) and Pallister

(Reference 7.) Their experiments measured the drag of various forms of

excrescence over a Mach number range of 0.2 to 2.8. The data is known to be

valid for the following conditions: finite length cylinders, a turbulent boundary

layer ahead of the excrescence, zero pressure gradient, two dimensional flow, and

h/6 ranging from 0.5 to 2.0.

For circular cylinders which extend into the free stream (h__5) the drag is

calculated by pro-rating the submerged and exposed areas with the applicable

drag coefficient and then summing the two components. CDS and CD** represent

the drag of the finite and infinite length cylinder, respectively. Both CD_ and CD**

can be obtained using plots created by Gaudet and Pallister, given Reynolds

number based on cylinder diameter (R_) and Mach number. These plots are

shown later is this paper. The above equation was derived for cylinder heights

which were equal to or greater than the flat plate turbulent boundary layer they

were immersed in. For cylinders immersed in the boundary layer

CD_._ = CD8 - FC/

Where F can be determinedfrom theplotsof Reference6.
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Boundary Layer Thickness Estimate (S)
B _m

2.0 in. Upper Surface

0.02-0.033

0.0 in.

Reference H
• RN=3M/ft.

• Mach = 2.40

• Alpha = 4A0 Lower ,'

• TLNS3D (Multi-block)

• Turbulent Boundary Layer (vorticity based)

Presented above is CFD solution of the turbulent boundary layer thickness for the

Reference H configuration at wind tunnel conditions. TLNS3D (multi-block

Navier-Stokes CFD code) was run to calculate the boundary layer height for both

the upper and lower surfaces.

Typical 2.7% model scale turbulent boundary layer heights at the location of the

trip disks range from 0.02 to 0.033 inches.
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Laminar Boundary Layer Height Correction
mm_mtmmW

• Experimental determination of disk drag coefficient based
on turbulent flow upstream of cylinder

• Model disks have laminar flow upstream

• Need to scale estimated 6_.,b to laminar boundary layer
thickness

_ ['13.158"]

u.

1r¢7////Model Wing Leading Edge

1o

For HSCT class wind tunnel models, it has been observed using flow

visualization techniques that because of the low Reynolds numbers and model

scales being tested, there exists a laminar boundary layer on the portion of the

wing ahead of the trip disks. In order to use the equation proposed for Cog/, k in

this analysis one significant assumption must be made. Calculation of Ct_ k

using the results of Gaudet and Pallister is applicable as long as the laminar

boundary layer height on the leading edge of the wing of the wind tunnel model

is approximately simulated.

For this study, only turbulent boundary layer height estimates were available.

Following the above assumption, the CFD estimate must then be corrected to an

approximate laminar height by using the ratio of the incompressible, fiat plate

laminar and turbulent boundary layer height equations. The simplified form is

presented above.

It is acknowledged that the laminar boundary layer assumption is not entirely

appropriate for the methodology outlined here because the original data used to

generate the drag coefficient of a cylinder was taken in a turbulent boundary

layer. However, it is proposed that proper modeling of the trip to boundary layer

height ratio is the most important factor in the CDa/sk equation in order to correctly

estimate the disk drag coefficient: Also, the primary source of drag for an

excrescence comes from the pressure drag on the aft face of the disk. Therefore

using a laminar boundary approximation would not significantly affect this flow

phenomena for the disk Reynolds numbers tested. Finally, no other data has been

found which directly expresses the supersonic drag of a cylindrical excrescence

in a laminar boundary layer.
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Laminar Boundary Layer Correction (cont.)

• A drag correctionis required to account for the velocity profile
differences between laminar and turbulent boundary layers

• A 7% correctionto Coswas derived from experimental data

Y
e

q_ _/o_ Turbulent

qmrb _rb

h) °-
Resulting Equation:

]l

To compensate for the differences in velocity profile (hence, dynamic pressure)
associated with the use of a laminar boundary layer in place of a turbulent one, a

small correction factor should be applied to the calculation of CDau_. This q
correction is assumed to be proportional to the area ratio of the two velocity

profiles. Based on experimentally determined velocity profile data contained in
Reference 8 at Mach=2.40 and similar Reynolds number, a correction of

approximately 7% was determined.

This correction may be different for the transonic Mach numbers because both

boundary layer thickness and velocity profile ratios will change. As applied

currently, this correction does not vary with trip height for trips inside the
boundary layer and is only applicable for drag predictions where h>& A

formulation would have to be derived before any future trip drag predictions can
be made for trips immersed in the boundary layer (h<_).

The equation for C_, is rewritten above to denote the laminar boundary layer

height and velocity profile correction factor.
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Determination of Component Drags
m JtW J-**w, QmlmmW

Given: Mach & Rd
Solve: C_

(co.co.)

2.O

1"6 t

1"2 f

0,$

0.4

0
' ,!° _Io ,.°1.0

Given: Mach & Cc_.,
Solve: CD8

0.!

0.7

%_.2__

¢'_° 04

1 2.0 _.0

Mmb t_*.

Knowing Math number and the Reynolds number based on disk diameter (Ro),

C_ and CD.. can be obtained from the Figures above. With _t,_, and Co_ and

CD**now available, Ct_ k can then be calculated.
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Trip Drag Solution Process
mm

Six mid-segment _,_:
evaluation points P;_;:_

._'ii:i:ii::i:4ii:::
,. ,',=[_,i,,r _f_

Upper or Lower Surface

 co. [ , xA 'xmI

To simplify the analysis about the entire wing, the necessary components within

the excrescence equation were calculated only at the midpoint of each wing

segment (inboard, mid-wing, and outboard) for both the upper and lower surface.

The excrescence drag was then calculated at each of the 6 wing segments shown
above and the segment incremental trip drags were then summed to represent the

trip drag for both wings. A_, at each segment represented only the frontal area

associated with the number of trips present in that segment.
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Ref. H-Trip Drag Variation with Disk Height
n ibt41nW_

8 '

7,

._. 6.
tO

,3iiii2 .a
0 , _ , , ,

0.5 1 1.5 2 2.5

2.7% Ref. H

• ARC 214

• Mach =2.40
• RN=3M/ft.

• Ct.=0.12

The comparison between excrescence method results and wind tunnel data

utilizing the variable roughness height method (with a linear fit) for the

Reference H configuration at wind tunnel conditions is presented above. A

significant offset (approximately 3 cts., average) can be seen between the two

methods with the excrescence method consistently predicting trip drags

approximately double that of the experimental method. For the baseline wind

tunnel trip height (0.011 in.) the variable roughness height calculates a trip drag

correction of 2.5 cts. while the excrescence method predicts a correction of 4.5

cts. The two methods show similarities in trip drag trend and slope, with the

excrescence method again predicting a slightly greater slope.

Although there appears to be little agreement between the two methods, neither
of the two method can be dismissed as "incorrect" because of the uncertainties

associated with the experimental data and the assumptions used in the

excrescence method. Additional comparisons are made in following slides and an

assessment of each of the significant components of both methods is also

presented later.
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Ref. H-Trip Drag Variation with Disk Height
_4_J4_ammw
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0.5 1 1.5 2 2.5

2.7% Ref. H

• ARC 214
• Mach =2.40

• RN=3M/ft.
• CL--0.015

Presented above is a comparison of excrescence and variable roughness height

methods for a lift coefficient corresponding to the minimum drag coefficient

(CL=0.015) on the Ref. H drag polar. As observed previously, the excrescence

method predicts a higher trip drag than the experimental method while the slope

trend with h/_ (trip disk height/average boundary layer height) of the two curves

is similar.

As seen in other trip drag assessments, the variable roughness method shows a

significant trip drag variation with changing lift coefficient. When compared to

the cruise condition (CL=0.12, previous slide) at the baseline trip height, the

variable roughness height method shows a 0.9 ct. increase in trip drag (2.5 cts. vs.

3.4 cts.) The excrescence method, however, shows that trip drag has only a slight

dependence, 0.1 ct, on lift coefficient (4.5 cts. vs. 4.6 cts.)
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Uncertainties in Trip Drag Methods

CD

i 411tm

Experimental Method

• Data uncertainty

• Applicable data range

• Extrapolation order

• Applicable extrapolation range

Trip Ht.

Excrescence Method

• Turbulent magnificationfactor

• Boundary layer height estimate

• Compressibilityassumptions

To fully understand the problems in determining trip drag using either the

excrescence or variable roughness height methods, the uncertainties of each

method must be carefully reviewed. The primary uncertainties in each method

are listed above and explained below.

Variable Roughness Height Method

• There exists scatter in each data point taken due to tunnel repeatability issues.

Extrapolation to zero trip height can vary on the order of-:k-0.5 ct. due to data.

• No firm guidelines exist for selecting data points to fit. Selection of various

combinations of trip data can vary the extrapolation results on the order of -+1 ct.

• There is little experience in selection of order of curve fit for trip disks in

supersonic flow. The effect on extrapolation is on the order of -+_2 cts.

• It difficult to understand how a curve fit of drag data for disks extending into

the freestream can properly approximate disks immersed in the boundary layer.

Effect on extrapolation: ~+? cts.

Excrescence Method

• Boundary layer transition on a wind tunnel model does not immediately begin

at the trip location for the entire model. Perhaps correlation would improve with

a magnification factor calculated for_a laminar boundary layer.

• Method fidelity could be improved by calculating directly the laminar boundary

layer height using CFD tools.

• Compressible formulations for the turbulent to laminar boundary layer height
and skin friction corrections would be more accurate.
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TCA-Trip Drag Variation with Disk Height
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1.7% TCA Model 2b

• UPWT 1679

• Mach =2.40

• RN=3M/ft.

• CL--0.10

• Preliminary Data

Another comparison between methods is presented above for the TCA

configuration based on preliminary trip drag estimates for the TCA (UPWT

1679). The comparison between the two methods show similar trends as for the

Reference H configuration. An offset (an average of 5 cts.) can again be seen

between the two methods with the excrescence method consistently predicting

trip drags approximately double that of the experimental method. A slight slope
difference can also be seen between the two methods. For the baseline wind

tunnel trip height (0.012 in.) on the TCA, the variable roughness height calculates

a trip drag correction of 5.2 cts. while the excrescence method predicts 8.9 cts.

At first glance, application of the excrescence method appears to only further

cloud the trip drag issue, but this "analogy" allows us to begin to understand the

flow mechanisms affecting trip drag (represented by each term in the excrescence

equation). To aid in understanding, the plot of the 2.7% Ref. H calculation is also

included. Comparisons of the full scale boundary layer height and magnification

factor calculations between the two models showed no significant differences.

Remaining sources for trip drag differences then only include Awe, and CDaisk-

Because TCA has more wing area than the Ref. H, it is known that there is

approximately 11% more disk A_t on the TCA, which can explain some of the

increased drag over the Ref. H model. Also, because the TCA is a smaller scale

model than the Ref. H, the baseline trip h/_ ratio is greater, leading to a larger

value of CDdisk and a higher trip drag located further up the curve. If the trip were

reduced to a height known to trip (h/_-_-1.2), the trip drag could be reduced to drag

ranges previously predicted by both methods for the Ref. H configuration.

Currently there is no explanation for the absolute drag level difference between

the two methods.
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Leading Edge Laminar Flow Correction

• Application of wind tunnel data for prediction of full scale
flight performance polars requires a correction for model
leading edge laminar flow
- Flow visualization techniques have shown significant

regions of laminar flow on wind tunnel models

• Approximately equal to 2 to 3 cts.

Right = WindTunnel
(mtr. _ t_ drag)

A C D__. _ --

-I- Laminar Flow Correction

A=[(0-074/_(1 281l
s,<,Lt, t,R:,)_1

A final correction must be used on the outlined methodology for accurate

application of wind tunnel data to full scale flight conditions. It has been verified
in the wind tunnel that laminar flow occurs ahead of the trip disks on the model
over the entire span of the wing (hence, the need for trips.) This region of
laminar flow on the model represents approximately 6.5% (Reference H) to 8.2%
(TCA) of the projected wing reference area. This is a significant percentage of
the wing reference area that should not be neglected.

Using the incompressible Blausius and Prandtl flat plate boundary layer skin
friction equations as an approximation, a drag increment can be calculated to

represent the turbulent skin friction difference between a leading edge laminar
flow (model) and turbulent flow (full scale.) The equation representing this

correction is shown above. The magnitude of this correction is on the order of 2
to 3 cts.
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Photograph of Laminar Flow on Model
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1.7% TCA Model 2b

• UPWT 1679
• Mach =2.40

• RN=3M/ft.

• CL_---0.10
° Ht.=O.012

• Turbulence
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Presented above are sample images of a sublimation run done on the 1.7% TCA

model 2b (UPWT 1679) to illustrate the extent of laminar flow present on typical

HSCT wind tunnel models. The sublimation technique shows areas of laminar

and turbulent flow by using the relative skin friction (scrubbing power) of each

flow to sublime Routine powder off of the wing's surface. In this image lighter

colored areas represent laminar flow and grayer areas represent turbulent flow.

In this example, the outboard wing transitions to turbulent flow at the trip disks.

The inboard section of the wing trips immediately at the disks but takes

approximately 0.75 inches to transition to fully turbulent flow. The two large

wedges of laminar flow seen in the pictures are where trip disks have been

intentionally removed to observe natural transition. The black streaks behind the

inboard trip disks represent additional scrubbing due to the shed vortices of the

disks themselves.
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Summary of Corrections to Benchmark Data

m _lm4mmta_lmm

• Excrescence method trip drag corrections were applied to
benchmark Ref. H data over a range of Mach numbers
- Correctionfor model leadingedge laminar flow included

• No variationwithCLwas included
- =Engineeringjudgment"usedto fillinbenchmarkcorr. table

• Only a selectnumberof CFD solutionswere available
° Relativemagnitudeof correctionvaluesbetweenMach

numberscomparedagainstwindtunnelestimates

TripDragCorrectionTable - Ref.H
Mach 0.90 0.90 1.20 2.40

(w/_p)
Correction -0.00008 -0.00011 0.0 -0.00025

The methodology previously outlined was employed to generate a table of values

to be added directly to the benchmark wind tunnel data to correct the data for

drag due to model transition disks. Because boundary layer heights and

magnification factors had to be taken from expensive Navier-Stokes CFD

solutions, only a select number of conditions were run. The table above shows

the conditions for which the trip disk drag increments were actually calculated.

Corrections at the specified Mach numbers were calculated for the cruise

condition and all intermediate steps matched the tunnel conditions of the

benchmark data. The corrections were assumed to be constant throughout the

range of CL, s covered by the data and input as such in the tables. For Mach

numbers or configurationswithinthe benchmark data which liedbetween the

calculatedvalues,the datawere linearlyinterpolatedbetween the two nearest

applicableconditions.There are two exceptionstothisstatement.First,dataat

M=0.95 and 0.98 were inputas twice (2x)the datacalculatedatM=0.90. This

assumption was made based on the resultsof a testconducted by McDonnell

Douglas Aerospace on theirmodel M2.4-7A Opt 5 (Reference9) in September,

1994. Second, correctionsfortripdiskdragatM=I.07 and 1.10were assumed to

be the same as that calculated at M=1.20. Because the transonic assumptions

were based on the results of a model-M2.4-7A test, they should be verified for the

TCA or Reference H configurations when data becomes available.

The application the trip drag corrections to the benchmark data is shown below.

Co,...,..,,= Co.,., .... , +(- AGo,,,, + ACo,.._j...)+ ACz>°,,.,
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Conclusions

• Advancement of our current understanding of model trip
drag requires the utilization of multiple methods

• Excrescence methods to calculate model trip drag offer
valuable benefits

- An analogy for trip drag to aid in understanding
- Potential to reduce wind tunnel test time and costs

- Consistent, repeatable, physics based method

• Proper accounting of trip drag and leading edge laminar
flow is necessary for accurate CFD tool validationand full
scale flight polar build-ups

• Additional work is stillrequired to increase the fidelity of
either of the two trip drag prediction methods used today

For application to FY 96 Technology Integration Task 20, the results of the

previously outlined excrescence methodology were used to correct Reference H

based benchmark wind tunnel data for trip drag effects. Comparison of

excrescence method results to the experimentally based variable roughness size

method show significant differences, but the uncertainties in the experimental

methods raise many other questions. Until a better understanding of the trip drag

phenomena can be acquired, multiple trip drag estimation methods should

continue to be explored.

Application of the excrescence method to the problem of model trip drag

provides a valuable analogy, based on boundary layer flow phenomena, to help

understand the mechanisms involved in boundary layer transition. Also, it has

the potential to reduce the need for expensive and lengthy wind tunnel testing for

trip drag determination. Finally, because the method is flow phenomena based, an

accurate solution should be possible once all component uncertainties are
resolved.

Almost as important as trip drag in wind tunnel to flight or CF_ correlations is

the proper accounting for the laminar flow which exists in wind tunnel data.

Current predictions/correlations do not account for this drag component and
could be in error by as much as 2 to _ counts at wind tunnel conditions.

It is apparent that currently no one method is mature enough to fully quantify the

trip drag problem, therefore additional work on the topic is recommended.
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Recommendations for Future Work

• Assess laminar/turbulent and compressible/incompressible
assumptions used in current excrescence method
- Can affect magnification factor and CD_k

• Detailed trip drag study in the wind tunnel
- Quantify the effects of height, location, grit type,

Reynolds number, planform, model scale, etc.

• Compare excrescence & variable Reynolds no. methods

- Little supersonic, high Reynolds number data available

• Perform more theoretical/experimental compadsons

- Understand the drag of trips immersed in the B.L.

- Use the method to understand linear vs. quadratic fits

- Explore trip drag dependence on lift coefficient

22

The above items detail some topics for additional work which should be

completed to better understand the trip drag phenomena at transonic and

supersonic conditions.
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